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PREFACE

"What I cannot create, I do not understand"

~ Richard Feynman, 1965 Nobel Laureate

The quest for understanding light-matter phenomena has accompanied the evolution of
mankind from almost its origins. As a science, it can be traced as far as the Ancient Greek
civilization, when during his studies on visual perception, Aristotle realized the importance
of the medium in-between the eye and an object. At the core of our abilities for visual
perception is the power of optics which is based on one simple fact - light exhibits the right
amount of interaction with matter. Put more scientifically, light quanta lies in the energy
range of electronic and vibrational transitions in matterl. For this reason, experiments with
light are intuitive and help us to consciously and rationally connect abstract ideas.
Nowadays, the detailed study of light-matter interaction has, as its ultimate goal, the spatial
and temporal control of selected modes of electromagnetic radiation to particular material
excitations.

Over the last century, the ability to understand complex photon-atom interaction
has been greatly challenged. However, thanks to the progress in nanotechnology, scientists
are now able to routinely tailor, measure and manipulate the properties of nanostructures
at the individual level, thus providing a deeper understanding of the coupling mechanism
at play. More importantly, such studies have revealed that as we examine even smaller-
sized structures, new physical effects become prominent, implying their potential prospect

in technological applications. Some of the recent achievements in the field of nano-optics
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are highlighted in figure P.1, where nanostructures were tailored to provide unique optical

phenomena such as lasing in a single living cell and cloaking, to name a few.

Figure P.1. Potpourri of Tailored Light-Matter Interaction at the Nanoscale. (a)
Quenching Brownian motion using plasmonic nanometric optical tweezing;2 (b) Single
tailored nanofocus for enhanced gas sensing;3 (c) 3D optical metamaterial for negative
refractive index;% (d) Gold helix for broadband circular polarizer;> (e) Room-temperature
sub-diffraction plasmonic laser;é (f) Single-cell biological laser;Z (g) Nanoantenna coupled
to a quantum dot for directional emission;8 (h) 3D plasmonic rulers to determine distances
within chemical or biological species;2 (i) Atomic graphene layer for optical broadband
modulation;1? (j) Optical monopole antenna for directing single-molecule emission;11 (k)

Carpet cloak made of dielectrics.12

The main motivation of this dissertation is to develop an understanding of

reconfigurability in hybrid nanostructures whose optical properties can be uniquely
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manipulated on an ultrafast timescale. Controlling the flow of light and charge carriers in
plasmonics systems - based on quanta of plasmon oscillations derived from coupled
electron-photon modes - is achieved by using the kinetics and dynamics of a phase-
transforming material. This work demonstrates precisely how functionality hinges on the
expertise in tuning the spatial and temporal features of a quantum material vanadium
dioxide (VO3). Since these quantum materials offer many “knobs” to control macroscopic
phenomena such as high-temperature superconductivityl3, colossal magnetoresistancel4,
multiferroicityls or metal-insulator transitionlé, this thesis could potentially be generalized
to the study of other classes of hybrid nanomaterials. For example, one of such studies
could be the coupling of magnetic responses of split-ring resonator metamateriallZ with
manganites to enhance or control magnetic dipole transitions18. We devote this thesis to
studying the insulator-to-metal transition in VO2 and its role in optimizing modulation of
plasmonic functionality in confined nanoscale volumes and on an ultrafast timescales.
Fundamental intrinsic properties such as electron-electron interaction, electron-phonon
coupling and electron-grain-boundary scattering, intimately connected to phenomena such
as defect-mediated nucleation, interfacial effects, electron injection or chemical interface
damping will be discussed.

Chapter 1 serves as an introduction to both the field of plasmonics and phase-
changing vanadium dioxide with a focus on the ultrafast manipulation of such systems.
Since the ultimate goal is device-integration, we introduce in this chapter a novel and
reliable deposition method for producing thin films and nanostructures of VO2 using

electron-beam evaporation. Combined with the versatile hole-colloidal mask lithography
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techniquel? (Appendix A), cost-effective and large surface areas (cm? compared to pm?) of
active substrates could thereafter be implemented in on-chip sensors, catalytic
nanodevices or for fundamental ultrafast studies of size-dependent switching in phase-
changing material. Since the primary goal of this thesis however is to understand the
fundamental properties of such hybrid nanostructures, most structures presented in the
subsequent chapters were fabricated by electron-beam lithography for precision.

In Chapter 2, we demonstrate the proof-of-principle that modulation and
consequently interrogation can be achieved even at the level of the single plasmonic
nanoantenna. Incidentally, the sensitivity of our detection system hints towards potentially
probing electron scattering mechanisms at grain boundaries of the VO; domains and at the
onset of the phase-transition, that is in the region of strong electron correlation. More
importantly, this suggests that near-IR scattering spectroscopy of individuals vanadium
dioxide domains could provide tremendous amount of information on the switching
properties of other quantum materials. Chapter 3 illustrates this concept by demonstrating
that plasmon resonance spectroscopy when combined with electron-beam lithography can
be an exquisite method for probing the intrinsic properties of single pristine VO;
nanostructures as a function of their shape, morphology or interfaces. This chapter is
devoted to understanding the properties of the nanostructured VO only and at the single
domain level. Effect of homointerfaces and defects will be discussed in relation to the novel
size-dependent optical switching. Most importantly, domain-boundary engineering to

tailor state-of-the-art phase-changing devices is highlighted.
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Having gained insights into VO: properties from previous chapters, Chapter 4
provides a detailed description of various hybrid plasmonic/phase-change architectures
that can provide greater modularity while displaying relatively high Q-factors. First,
plasmonic nanodisks on active VO film exhibiting a single resonance are investigated,
followed by stacked plasmonic/PCM nanodisks. Since VO films are highly absorptive,
fabricating sandwiched nanoparticles is an ideal solution in achieving large modulation
contrast - as large as 230 nm between the two states - while reducing absorption
drawbacks. This is made possible due to the high change in dielectric contrast of VO2, even
when used in rather small quantities. Thereafter, more complex geometries exhibiting
anisotropic electron oscillations such as in a split-ring resonator (SRR) structure are
studied. The SRR proves not only to be polarization selective but also whose spectral
responses can be individually modulated thanks to the size-dependent switching of VO2. In
order to emphasize the point that only a small amount of PCM is needed, we explore the
effect of modulation at a distance by placing a phase-changing nanostructure near - but not
touching - a plasmonic one. Using a three-stage lithographic procedure, we show exquisite
control by placing this phase-changing nanostructure in each unit cell of a two-dimensional
gold nanoparticle lattice. This can be extended to the study of plasmonic assisted switching
of phase-changing material whereby the nanoparticle electromagnetic focus is tailored such
that the high electromagnetic energy enhancement in the reactive near-field of the
nanoantenna assists or interrogates the switching mechanism. Recently, an enhanced gas

nanosensor based on similar principles has been demonstrated3.
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Chapter 5 marks a change from studying the optical properties of hybrid
nanostructures in equilibrium limit to develop an understanding of the physics at play
when these hybrid nanostructures are driven out of equilibrium. Although ultrafast
materials’ properties have been investigated for many bulk single crystals and thin films,
this is the first experiment to the best of the author’s knowledge that describe the
interactions between a plasmonic material and a PCM simultaneously at nanometer length
scales and on a femtosecond timescale. In so doing, a novel mechanism involving plasmon-
induced hot-electron injection from the metallic nanostructure triggering the VO phase
transition is reported. This all-optical ultrafast demonstration of switching in PCM via
electron injection paves the way to optically induced electronics (OIE)2%, with the potential
of tailoring nanostructures exhibiting strong plasmonic or Fano resonance for wavelength-
dependent and efficient dynamic charge doping. Although much of this study deals with the
fundamental aspects of the switching mechanism, such an experiment has a broader impact
with the potential technological demonstration of an ultrafast broadband switch operating
at THz speeds.

The Conclusion and Future Directions chapter discusses experiments
targeted toward a deeper understanding of the fundamental mechanism at play between
electrons in plasmonic elements and those in quantum materials. Probing those dynamics
in time domain could be performed by implementing a novel technique: nano-
interferometric frequency resolved optical gating (nano-iFROG) which analyses the
spectrally resolved second harmonic from non-centrosymmetric nanoparticle as a function

«

time delay. From those “weak-probe” measurements, coherence lifetime, T2, can be
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extracted. Such experiments would be conducted near the threshold for switching in order
to resolve the dynamics of enhanced scattering - either in pristine VO2 nanoparticle arrays
or a single Au nanoparticle “sitting” on a VO; substrate - during the onsets of the transition.
Furthermore, studies to elucidate the defect-mediated nucleation process and the intrinsic
size limit for switching VO; are natural follow-on of chapter 3. For example, high-resolution
transmission electron microscopy of quantum-sized stoichiometric nanocrystals of VO2
trapped between graphene layers while undergoing phase transformation could be
performed, similar to experiments by Yuk et al. and Scholl et al. 2122, Finally, plasmonically
enhanced nanoscale energy transfer mechanisms as shown in chapter 5 provides food for
thoughts about tailoring other hybrid nanomaterials that could lead to all-optical switching
and control at optimal switching thresholds. Understanding each component, both
separately and when strongly coupled is a crucial step toward achieving transistor-type

optical nanodevices for manipulating the propagation, absorption and emission of light.
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CHAPTER 1

INTRODUCTION

“The most exciting phrase to hear in science, the one that heralds new discoveries,

nn»

is not “Eureka” but “That’s funny...

~ Isaac Asimov

1.1 ABSTRACT

The miniaturization of photonic circuits lies at the foundation of today’s most important
data processing and telecommunication technologies. Plasmonics, the study of the optical
properties of metallic nanostructures is an exciting new device technology and holds the
promise of the next generation of circuits, which interfaces both electronic and photonic
components in a single chip23. As shown in Figure 1.1, plasmonics naturally interfaces with
similar size electronic components while enabling such devices to work at the operating
speed of photonic networks. However, for plasmonics to be a viable technology, two major
hurdles need to be overcome - the ability to guide light in sharply curved waveguides and
the need to modulate these signals in such spatially confined spaces. Although such signals
can be successfully guided by using surface plasmons as information carriers, modulating

these signals in highly confined nanoscale volumes remains a major barrier.
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Figure 1.1: Role of Plasmonics in Today’s Device Technology. Plasmonics naturally
interfaces both electronic and photonic components in a single chip, thus enabling such

novel devices to work at the operating speed of photonic networks24.

This chapter serves two purposes: it highlights the fundamental concepts in
plasmonics and more importantly, introduces quantum materials22 as the most promising
medium for creating functionality in nanodevices. Here the focus is on prototypical, indeed
canonical, vanadium dioxide (VO2) whose properties both in the equilibrium and non-
equilibrium limits can be tailored as a function of size, shape and morphology. Thus, VO;
provides many “knobs” for reconfigurability. More broadly, this dissertation shows that a
deeper understanding of the symbiosis of plasmonics and quantum materials - both at the
nanoscale and at ultrafast timescale - is necessary for the integration of reconfigurable

hybrid nanomaterial in modern data-storage and photonics technologies. With the advent
2



of the necessary fabrication and characterization tools, novel properties in both fields were
discovered, giving birth to new fields such as metamaterials. This fact is illustrated in
Figure 1.2 that shows exponential growth in the fields of plasmonics, metamaterials and
PCM-VO2. The physics of such materials was discovered and described during the late
1960s but their properties were harnessed only in the early 2000s, coinciding with
maturing nanofabrication and analysis technologies such as atomic force microscopy
(AFM), scanning or transmission electron microscopy (SEM or TEM), focused ion beam

(FIB) milling and electron-beam lithography (EBL).
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Figure 1.2: Citations per Year in Plasmonics, Metamaterials and Vanadium Dioxide.

(a) Surface plasmon first theoretically investigated in 195726 and first calculations of its



dispersion relation in 1966 by Ritchie et al.2Z and, the term “plasmonics” coined in 1999 by
Brongersma et al.28 (b) Metamaterials first described theoretically by Veselago in 196822
and experimentally shown in 2001 by Shelby et al3933 (c¢) Vanadium dioxide first
discovered in 1959 by F. ]. Morin34 and Goodenough et al. describing its optical properties
in 1972. In 2001, while Cavalleri et al. discovered that this solid-solid phase transition
could take place in 70 fs 35 Lopez et al. demonstrated that VO; exhibited size-dependent
switching properties as well3237, Very recently, Eyert showed how to theoretically obtain

the correct band structure for VO238. The data was extracted from Web of Knowledge.

1.2 PLASMONICS

1.2.1 An Overview

From early artisan studies during pre-modern era symbolized by the 4th Century A.D.
Roman Lycurgus Cup in Figure 1.3, plasmonics has evolved to become a respected branch
of condensed matter physics, devoted to the study of photon-matter interaction in
nanostructured systems. Although the description of the exact coupling mechanism can be
traced back to Ritchie et al. in 195726, it is arguably Heinz Raether who fueled interest of
the field when he published his book “Surface Plasmons on Smooth and Rough Surfaces and
on Gratings” in 198732, describing in great details the concept of surface plasmons and how
to excite them. Ten years later with the first experimental observation of extraordinary
transmission through metallic subwavelength hole arrays#? and Pendry’ s first theoretical
description of a superlensl, the scientific community showed renewed interest in

plasmonics.



50nm

Figure 1.3: 4t Century A.D. Roman Lycurgus Cup. The Lycurgus Cup (with modern
metal mounts) in (a) reflected and (b) transmitted light. (c) TEM image of a silver-gold
alloy nanoparticle within the glass of the Lycurgus Cup#2. © The Trustees of the British

Museum, Department of Prehistory and Europe, The British Museum.

The coupling of the energy and propagating properties of photons with the high
degree of localization of a free-electron gas in a nanostructure creates a hybrid oscillating
electron-photon mode known as a plasmon. In this hybrid excitation, light is effectively
squeezed in nanoscale subwavelength spaces that is beyond the diffraction limit (about half
a wavelength), reaching recently record confinements of ~ A/165 and ~ A/200 for
quantum metallic nanoparticle22 and defect in graphene23, respectively. Due to this extreme
confinement and the efficient EM energy transfer between the near- and far-field regions,
plasmonics has been proposed for use in diverse fields such as surface-enhanced
microscopy#4, photothermal tumor ablation4>46 and high-resolution lithography#Z48, to

name a few. Although such coupling phenomena can occur via bulk plasmon excitation,



surface plasmon polaritons and localized surface plasmon, only the last two are relevant

for technological applications, as will be explained later.

1.2.2 Theoretical Background and Fundamental Studies of Plasmonics

1.2.2a Propagating Surface Plasmons/Surface Plasmon Polaritons

Surface plasmons are quantized EM surface waves that are localized at the interface
between a plasma (typically a metal) and a dielectric material (typically air or silica). While
the waves propagate along the metal/air interface, the electron charge density fluctuations
in the metal generate electric fields that decay exponentially on either side of the interface.
Bulk plasmons are purely longitudinal in character because V:E =0 when solving the

charge continuity equation, V- j = —(Jp,)/ct; a consequence of the fact that at the plasma

frequency oy, the relative dielectric constant ¢, = 0. On the other hand, surface plasmons
can interact directly with photons because they have both transverse and longitudinal
components. Since this interaction is strong enough, the photon-plasmon is considered to
be a coupled system and is referred to as a polariton. As it is localized at the surface as well,
it is also known as a surface plasmon polariton (SPP). By solving Maxwell’s equations and
remembering that at the boundary conditions, the tangential components of E and H,
together with the normal component of the electric displacement D must be continuous at

the interface, the dispersion relation for the SPP propagating along the x-direction is:

@ | Emetal * Edielectric
ky=— eqn 1.1
C . |Emetal + Edielectric




For a metal described by a real Drude dielectric function with negligible damping
(negligible collision frequency), emetar = 1 — @p*/@?, figure 1.4(c) shows the SPP
dispersion with varying dielectrics. Such SPPs are evanescent, decaying exponentially in
the direction normal to the interface and having a decay length ranging from about 10 to a
few hundred nanometers. For in-plane propagation, the propagation length is the inverse

of the imaginary part of the k vector and is given by:

AV
1 C  3|Emetal T Edielectric (gmetal )
Osp =—F7=—" . eqn 1.2

" . n
ka @ Emetal " Edielectric Emetal

In the case of silver film for example, it extends to hundreds of micrometers depending on
exact metal/dielectric configuration, as shown experimentally by Lamprecht et al.4250,
Thus, this is considered far enough to transfer optical signals at nanometer length scales,
although confinement in the dielectric medium is hindered. This trade-off between

localization and loss is common in analyzing plasmonic devices.
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Figure 1.4: Dispersion Relation for Surface Plasmon Polariton. (a) Definition of the
axes for the interface between a dielectric and a metal. (b) Exponential decay of the field
amplitudes as a function from interface. (c) Dispersion relation for the SPP between a
Drude metal and air (€gier. = 1) or fused silica (€giel. = 2.25) as the dielectric medium.

Adapted derivations and figures from references 21,32 and 32.

From Figure 1.4, we see that since the wave vector of the SPP exceeds the wave vector of
the photon for the same frequency, it is not possible to excite the SPP directly by shining
light on a smooth surface. Therefore, special techniques to compensate for the momentum
mismatch (or meet the phase-difference between the SPP modes and the light in the

dielectric) are required. A few examples are prism coupling with attenuated total reflection



effect (Kretchmann or Otto configuration3?), near-field excitation or periodic grating such
as grooves or holes. Moreover, since SPP coupling is exquisitely sensitive to variation in the
near-field environment, modulation of its intensity or propagation can be easily achieved

by controlling the surrounding dielectric, as was demonstrated by Suh et al.3354.

1.2.2b Localized Surface Plasmons

In contrast to SPPs that propagate along the dielectric/metal interface, localized surface
plasmons are coupled oscillations of the conduction electrons with EM field that are bound
within a finite volume, restricted by the geometrical shape of the nanostructure and, for
small nanoparticles, typically resemble dipoles with clouds of charge localized at the poles
(Figure 1.5(a)). Moreover, as oppose to SPPs that cannot be excited directly due to phase-
matching issues, LSPs can be directly excited thanks primarily to the curved nanoparticle
surfaces that act as optical cavities and exert an effective restoring force on the EM-field
driven electrons, resulting in a resonance response to the incident field. At the localized
surface plasmon resonance (LSPR) frequency - occurring typically in the visible-NIR region
- the nanostructures are characterized by large, size-dependent scattering and extinction
cross-sections. Similar for the case of SPPs, materials that are considered good plasmonic
materials are silver and gold, an sometimes copper. Aluminum, with its resonance in the

near-UV, is also of great interest to the plasmonic communitys52¢,
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Figure 1.5: LSPR Overview in Various Metallic Nanoparticles. (a) Schematic of LSPR
resembling a dipole with clouds of charge localized at the poles. (b) Variety of
ranging from visible to the mid-IR

part of the electromagnetic spectrum2Z. (c) Collection of individuals nanoparticles




including nanoshells3822, nanorods®, nanotrianglesél/nanoprisms2, nanocubes®é3,

nanorices® and nanostarsés.

At the root of plasmonic phenomena is the ability for certain material to be
polarized. Polarization, describing the materials interaction with EM waves, can either be

electrical or magnetic in nature, although the magnetic polarizability of natural materials is
negligible - by a factor of \/m - for frequencies in the hundreds of THzl. Therefore, the
electrical polarization can be described solely by the complex-valued dielectric
function e(w). While the real part of the dielectric function describes the strength of
polarization induced by an external electric field, the imaginary part describes losses that
are incurred when polarizing the material. The electromagnetic response of the material is
described by the real and imaginary parts of the dielectric, e(w) = €'(w) + ie"(w) or the
complex refractive index i = n + ik, where n is the refractive index and k is the extinction
coefficient (related directly to the absorption coefficient a(w)).

While the LSP resonance of an arbitrary nanostructure cannot be described
analytically, it is useful to describe a simple system to gain physical insights on how various
factors conspire to change the spectral features of the resonance. Thus, for a small
spherical NS (a « A1) in the quasi-static limit - that is assuming that a plane wave excites
all free electrons simultaneously, or that spatial retardation effects over the particle
volume are negligible - an induced time-varying oscillating dipole of the form p(t) =
€,€qie1.®E,e ™t is created. This dipole radiation mediated by the spherical NS creates
scattering of the exciting plane wave. Also, « is the complex polarizability of a material and

is equal to the dipole moment per unit volume and is defined as:
12



gmetal(w) - edielectric(w)
Emetal (w) + 2 gdielectric(w)

a(w) = 4na’ eqn 1.3

A resonant effect can be obtained when |&,,01q: (W) + 2 €gi010ctric(@)] is @ minimum and
therefore the Frohlich condition of Re [gnerqi(W)] = —2 €gictectric(w) is obtained,
corresponding to a dipole surface plasmon mode3L. This resonantly enhanced polarizability
therefore enhances the efficiency with which the NS absorbs and scatters the light. These
cross-sections can be calculated by solving the Poynting-vector of the H and E fields in the

near field region (kr « 1):

Emet.(W) — Egiel. (W) 2

C i =k—4|a|2=8—”k4a6 eqn 1.4
seattering = e 3 Emet.(®) + 2 Eqier, () '
C absorption = k[mlal — 47rka3lm [ Emet. (W) — Egjer. (W) eqn 1.5
Emet. (W) + 2 £gjer (W)

For a spherical NS with volume V and a complex-valued dielectric in the quasi-static limit,

the extinction cross-section, that is the sum between C scattering and C absorption 1S:

Emet.’ (©)
[emet.” (@) + 2 €gjer (@)]? + Emer.” (w)

w 3
C extinction = 9 : Ediel. 4

eqn 1.6
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Although the discussion has assumed that we operate in the quasi-static limit and that the
NSs are vanishingly small, the calculations can actually be applied to NSs with dimensions
as large as ~ 100 nm and even when illuminated by light in the visible-NIR region. In the
case of larger NSs, this quasi-static limit breaks down due to phase changes of the driving
field over the particle volume. In this case, more rigorous electrodynamics calculations are
required. The Mie theory developed by Gustav Mie in his seminal 1908 paper¢t consists of
expanding both the internal and scattered fields into a set of normal modes described by
vector spherical harmonics. Thus, for larger particles, the first mode of the spherical NS

polarizability is2L.67;

1_(%)(gmet-(w)+8diez.(w))x2+o(x4)

& sphere = 3 %4 eqn 1.7

1 _ - v
3" emet.(w) - sdiel.(w)> 3o(€m8f-(“’)+108dwl.(w))x i - P +0(x%)

where (i) (11—0) (smet_(a)) + ediel_(a)))xz is the retardation of the driving field over the NS

volume (shifting the plasmon resonance) (ii) %(smet_(w)+106diel_(w))x2 is the

retardation effect of the depolarization field inside the nanoparticle. For noble metals, this
corresponds to a red-shift in the dipole resonance when the NS size increases. This can be
easily understood as the distance between the charges at opposite interfaces of the particle

increases with size, leading to a smaller restoring force and thus lowering of the frequency.

3
an® egier(w)

The imaginary term .

3 (iii) represents radiation damping caused by direct
0

radiative decay of the coherent electron oscillations into photons. Thus, although the non-

14



radiative decay routes - absorption due to e-h pairs via intra or interband transitions - are
less probable due to a redshift of the plasmon resonance away from the interband
transitions, the radiative decay weakens the dipole plasmon strength resulting in linewidth
broadening.

The studies of such competing processes have now not only led into studying
plasmon resonance response at the single nanoparticle level to minimize inhomogeneous
linewidth - but also to performing ultrafast “weak measurements” to probe the coherent
loss of electron memory, thus measuring the intrinsic dephasing lifetime of metallic NSs in
real time (figure 1.6). This dephasing lifetime, T, is defined by:

2h

Homogeneous linewidth = I' = I eqn 1.8
2

The dephasing of coherent electron oscillations can either be caused by energy decay
mechanisms or scattering phenomena that changes the momentum of the electrons during
elastic collisions. By examining the details of plasmon decay using ultrafast pump-probe
techniques, Link and El-Sayed showed that for small gold and silver, 5 fs < T, < 10 fs,

depending on the NP size and embedding host material6862,

15
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Figure 1.6: Measurements of Dephasing Time (T:) in Metallic Nanoparticles. (a)
NSOM spectroscopy of single gold nanoparticles measured at (a) 2.11 eV, (b) 2.07 eV, (c)
2.00 eV, (d) 1.94 eV and (e) 1.91 eV. The results compare linewidth vs. peak energy
determined from the NPs near-field spectra. The solid line is theoretical results for gold
spheres of different radii while the dashed line is the ensemble linewidth (300 meV) as
determined from the far-field extinction spectrumZ?. (b) SEM of the arrangement of non-
centrosymmetric gold nanoparticles for generating second harmonic. The results show
second-order interferometric autocorrelation measurement of the (i) laser field obtained
by using a BBO crystal (dark line) and (ii) plasmon field when substituting the BBO for the

metallic nanoparticles with its characteristic longer lifetimeZ172,
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It is possible to selectively tune the radiative and non-radiative decay mechanisms
and consequently plasmonic lifetimes in various ways. Sonnichsen et al. who showed in
2002 that by fabricating nanorods with a 3:1 aspect ratio whose plasmon resonance was
far from interband transitions, this minimized the non-radiative damping and
demonstrated a T, = 18 fs73. More recently, it was demonstrated by Aeschilmann et al. that
T2 could even reach values as high as ~ 100 fs. By introducing a 2D-nanoscopy technique
having a 50 nm spatial resolution while probing the electron final state using
photoemission electron microscopy (PEEM) after ultrafast excitation, they showed that
certain hot spots had unusually long plasmonic phase coherence lifetimes74. These
observations were best explained by a coupled mode arising from the hybridization of the
dark surface plasmon polaritons (long coherence lifetime due to poor radiative coupling
efficiencies) and the bright localized surface plasmon. Therefore, this implies that longer

coherence lifetime could be achieved if Fano-like resonances are employed.

Lifetime (fs)
100

a Multiphoton A A
Photoemission: :

E(r,m)

Figure 1.7: Enhanced Dephasing Time (T:) When LSPs are Coupled to SPPs. (a)
Schematics of the experiments: An incident wave E (orange) excites the LSP modes
E1BrightMode (BM) (plue) and Ep Bright Mode (BM) (red) that are coupled to a weakly damped
delocalized dark mode E Dark Mode (DM) (green). The inset shows a photoemission pattern

with two marked regions that are analyzed. (b) A 2D-nanospectra map showing the
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coherence lifetimes for the complete hot spot with the white and black squares marking

two locations of interest. Adapted from reference 74,

Furthermore, with the birth of metamaterials, this has also spun intensive research
into looking at other (less lossy) materials that could replace metals (Figure 1.6), especially
potential plasmonic materials that can produce resonances in the near-IR
(telecommunication) regionZ>76, From the generalized Drude-Lorentz model, the dielectric

function can be written as:

2

w.
l; . " 14
Emat. (@) + 1 &mae (W) = Eintervana (W) — ® (@ + i_[') eqn 1.9
2
ne
where, w,’ = - eqn 1.10
g m
1
and, r==
T

with n the number of conduction electron density and m* is the effective mass of the
conduction electrons; 7 is the mean relaxation time of the conduction electrons that arises
due to scattering from charge carriers, phonons, lattice defects or grain boundaries
scattering. This relative boundary scattering rate depends on the size of the plasmonic

particle, so that the relaxation rate for a spherical particle of size R is given by I' = I, +

A %F. This implies that there is an enhanced decoherence time that arises due scattering at

the boundaries and is commonly referred to as chemical interface damping 7Z. The details

18



of the scattering are entailed in the coefficient A and are typically in the order of unity.

Moreover, in eqn 1.9, Enterpand 1S caused by the interband transitions and is 1 when

dealing with a free-electron gasZ8. If details of the wavelength-dependent interband
transitions have to be included, this is typically done by including the Lorentz oscillator
terms22,

In general, plasmonic response is largest for noble metals as they provide sufficient
free electrons to produce large negative real permittivity. But noble metals also suffer from
large losses due to the interband electronic transitions originating in the d bands that
compete with the LSPR. These losses are detrimental to plasmonic devices and since they
are inherent in metallic component, a material with optical gain has to be introduced to
compensate for the intrinsic losses - thus introducing an additional degree of structural
complexity. For this reason, there has been recent interest in materials that are intrinsically
less lossy than the noble metals by virtue of possessing finite band gaps.

Although there are many semiconductors that have wide band gaps ( > 1.5 eV), the
degree of doping that is required to reach a negative real permittivity is too high to reach
the crossover frequency near the optical range (doping level of at least 3 x 1020 cm-3).
Therefore, semiconductor plasmonics is currently out of reach. However, heavily doped
oxides or transparent-conducting oxides (TCOs), intermetallics (alloys), ceramics and
transition metal nitrides are currently being investigated to substitute metals. It has been
found that the optical losses of TCOs can be a factor of four less than silver. Also, unlike
metals, these novel materials allow control of their optical properties by doping and more

importantly perhaps, they are compatible with standard CMOS nanofabrication process.
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Figure 1.8: Metamaterials/Plasmonics Map. The important material parameters such as
carrier concentration (maximum doping concentration for semiconductors), carrier
mobility, and interband losses can be optimized for various applications. Spherical bubbles
represent materials with low interband losses, and elliptical bubbles represent those with

larger interband losses in the corresponding part of the electromagnetic spectrum. The

figure has been extracted from reference 75,
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1.2.2c Finite-Difference Time-Domain Simulations for Studying Optical Properties of
Complex Plasmonic Geometries

In order to understand the optical properties arising from complex nanostructures in
contact with an equally intricate near-field nanoenvironment, it is in general impossible to
employ analytical methods, and one must resort instead to computational schemes. Several
different 3D full-field EM simulation techniques are presently being used, including finite-
element method (e.g. COMSOL), finite-integration technique (e.g. CST STUDIO) and finite-
difference time-domain method (e.g. LUMERICAL SOLUTIONS). These simulation tools
have been developed to compute detailed field maps and provide physical insights into the
optical behavior of nanostructures. Here we focus on the latter technique, although
comparisons between all three have been previously made to understand each technique’s
strengths and weaknesses. This was done in collaboration with Professor Maier’s group at
Imperial College London, UK.

Finite-difference time-domain (FDTD) simulations first attracted attention in the
1970’s when it was realized that the limitations of frequency-domain integral solutions of
Maxwell’s equations precluded effective modeling of devices and materials that exhibited
nonlinear effects. The novel FDTD technique provided a more robust time-domain
approach to solving Maxwell’s differential (cur/) equations on spatial grids or lattices.
Being a time-domain technique, FDTD could directly compute the impulse response
function of the nanostructure and thus naturally treat the potential nonlinear effects as
well. At the heart of FDTD technique is its approximation scheme - the central-difference

approximation - that discretized the temporal and spatial partial derivatives of Maxwell’s
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equations. Kane S. Yee’s seminal 1966 paperZ? describes the space grid and time-stepping
algorithm required (Figure 1.7) while during 1975-1980, Taflove obtained the first stable
FDTD model8? and thereafter found the first steady-state solutions of the 2D and 3D EM

wave interactions with material structures8l.
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Figure 1.9: The Original 1966 Yee Cell and its Space-Time Chart. Illustration of the
hexahedral mesh used for FDTD to reduce numerical phase-velocity anisotropy, with its
corresponding electric and magnetic field vector components. For 3D simulations, the Yee
unit cells are stacked along the %, y and z-axes while the EM interactions are mapped onto
these space lattices by assigning the appropriate permittivity values for each electric field
component and permeability to each magnetic field component, fulfilling the necessary
boundary conditions at the interfaces. The space-time chart depicts the leapfrog time
derivatives technique. At initial conditions of t = 0, all electric and magnetic fields are zero

everywhere in the grid. Adapted from reference &1
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Briefly from Figure 1.6, we see that at the finite-sized grid points the electric and

magnetic fields (E,, H,, E,, Hy,E,, H,) are solved as a function of discrete points in time. An

example is:
E? (i +5.j,k) — B2 (i+2,),k)
At
(k) - (- 1)
g8, Ay
1
_ 1 H;_%(i-l_%’j’k-l_%)_ H:_i(i-l_%’j’k_%) eqn 1.11
& Az
and, HZ+%(i,j+%,k+%) - HZ_%(i,j+l,k+%)
At

1 Er(ij+g e+ 1) — B2 (i) +5,k)

T Az
1 1
nls AN |
_ 1 Ez (l’] Lk 2) E; (L']’k + 2) eqn 1.12
HrHto Ay

where n denotes the time step. These constructed finite difference equations - all 6 of them
- are solved iteratively until a steady-state solution is achieved and the algorithm can
thereafter proceed to the next lattice point. The accuracy of the code in reproducing the
correct optical properties depends on the meshing dimensions chosen for the grid, the

boundary conditions (using either periodic or perfectly matching layers) and the correct

23



dielectric functions; the need for accuracy must be balanced against reasonable limits on
computational time and memory requirements..
Additionally, for the FDTD numerical calculations to be stable and converge, the

time-step (At) needs to be discretized such that the phase-velocity (1,) in the simulation

-1/2
region satisfies v, - At < 0.99)((@ + A—;Z+$) 82 This is due to the fact that

convergence is dictated by the Courant-Friedrichs-Lewy condition that requires (for a
wave propagating across a discrete spatial grid) the grid interval length must be less than
the time for the wave to travel adjacent grid points82. The 0.99 here represents the Courant
stability limit, a default preset in Lumerical FDTD Solutions&s.

Frequency-domain information can thereafter be retrieved by a Fourier analysis of
the solution, meaning that the full spectral response for the nanostructure can be obtained
in a single simulation run, in contrast to frequency-dependent techniques that give only the
response at a single wavelength. This is typically done by sending a white-light broadband
plane wave or Gaussian pulse of a few femtoseconds in duration through the

nanostructure, as depicted in figure 1.10.
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Figure 1.10: Schematics of Lumerical Solutions FDTD Solver. 3D view (top) and side
view of the computer-aided design (CAD) software Lumerical used to simulate the optical

properties of complex nanostructures.

1.2.3 Recent Developments in Active Plasmonics

As discussed in the introductory section, although the ability to guide light around sharply-
curved structures can now routinely be achieved in plasmonics circuits, modulating these
signals at nanometer length scales remains a challenge. The term “active plasmonics” was
introduced by the Zheludev group (University of Southampton, UK) when they first
reported the concept of using optically activated phase-change (structural change in Ga)
waveguide to transiently control propagation of SPPs84, as shown in Figure 1.11. Although
“active plasmonics” referred strictly to the ability in modulating plasmonic signals (SPPs

and LSPRs), we use the term in this dissertation to define more broadly the mutual
25



dynamic interaction between a plasmonic object and its environment. Here, both scenarios

will be reviewed.
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Figure 1.11: First Device Concept of Active Plasmonics. A SPP gold-on-silica waveguide
containing a gallium switching section. The metallic film is at the bottom of the silica

substrate. Field mapping shows the magnitude of the z component of the magnetic field.

Since the demonstration of using of gallium to control the propagation of SPPs,
many other material systems and configurations - including thermo-8286¢ and electro-
optic8”Z media, liquid crystals88, quantum dots8?, photochromic molecules?), field-effect
plasmonic modulators?l, graphene-based modulatorsl?, transparent oxides?2 and
chalcogenides?3 have been studied, with their characteristic features highlighted in Figure

1.12.
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Figure 1.12: Overview of Nanoscale Modulators. Schematic of experimental active
modulators based on various physical processes. ‘Sig’ and ‘Ctl’ indicate signal and control
inputs respectively with subscripts denoting light wavelength or electrical bias (subscript

‘V’). Adapted from references 24, 25 and 10,

Recently, other classes of materials or switching strategies using specific materials
properties have been investigated so as to modulate plasmonic response or be intrinsically
used as the plasmonic nanostructure themselves. An example of such novel work are
plasmon resonances in high-temperature superconducting YBCO (YBazCuz07-5, 5=0.005) split-
ring resonator metamaterials?6. Other such interesting materials systems are electro-optic
modulation of ferroelectric oxide thin films (e.g. lead lanthanum zirconate titanate
(PLZT)2Z, Bi4Tiz3012, lead zirconate titanate (PZT) and strontium barium niobate (SBN))28
and effect of strain on the dielectric properties of barium strontium titanate22100, The large
electro-optic coefficient (electroabsorption or Kerr effect) in perovskite barium strontium

titanate (BaxSr;xTi03/BSTO) could also provide great functionality in plasmonic devices101,
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1.3 VANADIUM DIOXIDE - THE CANONICAL QUANTUM MATERIAL
1.3.1 Overview

Solid-state materials with electrons that interact only weakly with each other can be

described by the nearly-free electron modell02-104 Such materials are metals and
insulators. In such non-interacting electron system, the band structure is derived from the
periodicity of the lattice potential, dictated by the equally spaced ionic cores. Each band can
accommodate a finite number of electrons and the bands are separated by an energy gap.
The properties of a material are thus dictated by how many electrons contribute to the
band and the energy gap separating them. The Fermi level - at zero temperature and in k-
space - is defined by the separation between the electron-filled states and empty states.
Depending on where the Femi level (Er) lies, a material is characterized as a metal (Er lies
within the conduction band) or an insulator (Er lies at the valence band edge). Moreover,
when the energy difference between the highest filled band and the lowest empty band is
small, materials are labeled as semiconductors. While metals have low resistivity (e.g. gold
is 2 X 1078 QO m) and insulators exhibit much higher values (e.g. quartz is 5 x 10%* Q m),
resistivity values for semiconductors can vary greatly, depending upon temperature and
defect/impurity concentration. The lack of electron-electron interaction (electron
correlations) in these materials ensures that the properties of the band and the energy gap
do not vary, independent of the band filling.

Although band-structure calculations can describe the properties of such materials
very well, they fail to describe materials whose electrons interact strongly with each other.

Such materials have historically been labeled as strongly electron correlated systems. An
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example is the notorious NiO that, although expected to be a metal from a theoretical
perspective, turns out experimentally to be an insulatori02106 The term “Mott insulator”
was coined to identify materials like NiO that violated the fundamental expectations of
band theory. Nowadays, other correlated materials have been discovered, including a
variety of d- and f-electron intermetallic compounds, high-temperature superconductors
and m-electron organic conductorsl?, and are now under intense investigation as
understanding the complexity of their physical properties and phase transformation
provides a critical test of condensed-matter theory and opens the door to novel
applications. For example, understanding the metal-to-insulator in oxides could provide
the key to advances in information processing and storage beyond conventional CMOS

scaling, as shown in figure 1.13.
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Figure 1.13: Technologies Utilizing IMT in Strongly Correlated Oxides. Device
technologies benefitting from the metal-to-insulator transition of strongly correlated oxide.

From reference 108,

In this section, we focus on the metal-to-insulator transition of vanadium dioxide
(VO2). Since the discovery in 1959 by F. ]. Morin that bulk VO crystals exhibited a first-
order phase transition at the near-room temperature of 68°C, VO2 has been considered as a
canonical phase-change material. Accompanying this phase transition is a change in the
resistivity of the material by more than four orders of magnitude, along with a drastic
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change in its optical properties, especially in the IR region, as shown in figure 1.14. Despite
the simple stoichiometry and structure of VO3, there are still many unresolved puzzles
about its MIT, such as the mechanism of its ultrafast switching;1%° the potential for
stabilizing the intermediate states (e.g. M2 phase);110 the origins of its size-dependent
switching in VO2 nanoparticles (NPs);111112 and nanoscale electronic and structural phase
coexistence/non-congruence in thermally modulated V02113, What follows is a discussion
of these points of contention, together with highlights of the recent work that are pertinent

to the dissertation.
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Figure 1.14: Electrical and optical properties of VO2. Resistivity and transmission (0.31

eV) data for a 100 nm VO thin film11%,
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1.3.2 Insulator-to-Metal Transition of Vanadium Dioxide in the Equilibrium Limit
1.3.2a Atomic and electronic structure of VO
Vanadium dioxide belongs to the general class of transition-metal dioxides that are
characterized structurally by two distinct modes: a pairing of the metal atoms along the
characteristic chains parallel to the tetragonal c-axis and a lateral zigzag displacement11s,
As opposed to the other oxides, only the d? compounds (VO2 and NbOz) undergo a MIT. In
the insulating state, VO2 has a monoclinic structure and belongs to the P21/C space group.
Its atomic structure is shown in figure 1.15. A distinctive feature of the phase transition is
that the V cations are displaced out of the surrounding oxygen octahedral and pairing of the
V-V bond occurs in the insulating state that doubles the unit cell (@ins. = 2€met; Dins. = Amet. ;
Cins. = Amet. — Cmet.), With alternate separations of 2.56 A and 3.12 A, in place of the 2.87 A for
the metallic case. Associated with this pairing is also a tilting (“zigzag”) dimer arrangement
that results in two set of V-0 bond lengths in that form the octahedron and surround the V
cation (apical V-O bond lengths are 1.77 and 2.01 A; V-0 forming the basal plane are 1.86,
1.89 and 2.03, 2.06 A). Each V ion shares its five outer electrons (three 3d + two 4s), four of
which bonds to the p shells of the two 0Z- anions, while the rest go into the 3dr band (the
conduction band in the metallic state).

Above the transition temperature of ~68°C, VO transforms to a rutile (tetragonal)
configuration, belonging to the P42/mnm space group. The V-cations are then located at the
center of the octahedral cage formed by the O anions, where they undergo the crystal field

splitting depicted in figure 1.16. The overlapping d,z_,2 and d,,, orbitals form the points

of connection from one unit cell to the other, represented by lattice vectors of the
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tetragonal lattice. Additionally, the V metals ions at the corner and the center are coupled
by the d,, orbitals, pointing to the voids between the V atoms of the neighboring

octahedral chains where they overlap with the d,2_,2 orbitals of these chains.

Metal (T>T,) Insulator (T< T,)

Figure 1.15: Atomic Structure of VOz. Atomic configurations of VO: in its metallic (red)
and insulating (blue) states respectively. A 3D unit cell for each state is also shown. In the
insulating monoclinic state, that is the angle between the a- and c-axis is f = 122.69,.

Adapted from references 115116,
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Tetragonal
Freeion potential

Figure 1.16: Crystal Field Splitting of the d-Band in VO:. (a) Typical crystal field
splitting in a tetragonal potential. (b) Angular distribution of the d-orbitals as VO
undergoes crystal-field splitting in the oxygen tetragonal potential (octahedral cage). The

orbitals have been drawn with respect to the local octahedral coordinate. Here, the dxz_yz

orbitals point along the crystallographic rutile c-axis while the local y axes point towards

the edges of the basal plane of the octahedron and the d,, and d,,, orbitals align towards

the faces. Adapted from references 11> and 109,

This hybridization between the 02p and the V3d orbitals forms the typical o and
bonds. Since the p-d overlap is stronger for the o (and 0*) bonds, these states experience
greater bonding and anti-bonding splitting. In such an almost perfect octahedral
environment, the o* (e°; symmetry) and m* (tzg symmetry) states represent orbitals of
ds,2_r2/dyy and dy2_y2/dy,/d,,, respectively. Here the strongest overlap, as pointed out by
Goodenoughll?, lies along the rutile c-axis and is due to the metal-metal interactions. The
consequences of the crystal-field splitting are depicted in the schematic of the electronic

band energies of VO in figure 1.17.
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Figure 1.17: Electronic Energy Bands of VO:. Electronic band energies of metallic (red)
and insulating (blue) VO2. The brown shaded region represents the filled electronic states,
with the tightly bound, completely filled O2p orbitals. Note the opening of the ~ 0.7 eV

band gap in the insulating state.

1.3.2b Elementary switching mechanism: Peierls vs. Mott-Hubbard transition

As discussed in the previous section, the periodic lattice distortion of V-cation chain opens
up a band gap between the upward shifted 3d,; and the lower 3d); bands of ~ 0.7 eV. The
mechanism that opens the band gap has been the subject of intense debate for more than
half a century with two main mechanisms at play.

One possible mechanism is the Peierls effect, which can be simply understood by
considering a one dimensional Peierls distortion. As shown from figure 1.18, a half-filled
1D metal is unstable to a structural distortion transforming the metal to an insulator. This
can be understood by examining the electronic dispersion relation: when dimerization

occurs, the period of the lattice doubles to contain the previous two lattice points and this
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corresponds to halving the Brillouin zone. As a result, a gap opens at the Fermi-surface
(Brillouin zone edge), causing the material to become an insulator. The width of the gap is
dictated by the hopping integrals, t1 and tz, which are functions of two resulting interatomic
distances resulting from the PT. This phenomenon arises purely from a structural
reconfiguration and is called a Peierls transition1%, Although the long-range Peierls
distortion may not accurately describe materials with higher dimensionality, the lattice can
still couple to the electrons by polaron formation and affect the electron properties as they
move through the crystal. Polaron formation reduces the electron bandwidth, and in turn is
responsible for modifying conductivity of the material. In the theory of phase transitions,
polaron formation is related to the length scale over which the local fluctuations in electron
density or orbital orientation on site affect those same properties on neighboring sites,
corresponding to the correlation length (but not to be confused with electron-electron
correlation lengths!). More importantly, it is known that the correlation length diverges as

T — T, thus implying a temperature-dependent correlation length118,
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Figure 1.18: 1D Peierls Transition. (a) Schematics of a 1D chain of atoms. (b) Electronic
dispersion relation for the dimerized atomic chain.
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Although the Peierls description helps to reproduce some of the striking features of
the VO2 phase transition, the effect of electron correlation in VO cannot be neglected. Thus,
the effect of Coulomb interaction that underlies Mott-Hubbard theory of the MIT has to be
considered as well. As briefly mentioned earlier, Mott and Peierls realized the importance
of including these Coulombic interactions between the electrons, as stated in their seminal
1937 paper: “a rather drastic modification of the present electron theory of metals would
be necessary in order to take these facts into accountl®.” More specifically, these strong
electron correlations arise when the Coulomb interaction between electrons is comparable
to, or stronger than, the energy bandwidth of the individual electrons. This is the case for
the spatially confined d and f orbitals. For these electrons, the strong Coulomb interaction
between electrons restricts their wave functions to dispersionless bands that do fit the
conventional-band theory picture. Such an electron correlation effect was first discussed by
Hubbard who introduced the following Hamiltonian as the simplest model for interacting
electrons on a lattice (contains only a single atomic orbital, is isotropic and interactions

occur only between the nearest neighbor):

H = Z(tijcia-l- CjO' + H. C) + UZ n;n;, eqn 1.13

ij,o i

Here, the first term comes from the tight binding model and corresponds to the kinetic
energy of the electrons. The ¢;; term is the matrix element that describes the hopping of
electrons with spin ¢ between orbitals at sites i and j (hopping rate). Note that these

hopping integrals are not the same as those that determine the band gaps in the Peierls
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model. The values of ¢;; determine the overlap of on-site electronic wavefunctions in the
potential generated by the lattice and are thus intrinsically dependent on inter-atomic
distances. Larger values of t;; correspond to easier inter-site transitions. U is the local
Coulomb interaction between two electrons occupying the same site i; thus n;, =
Cis | Ciy is the electron number operator whose expectation value gives the density of
electrons at site i with spin o (interaction rate)112. As schematically drawn by Kotliar and
Vollhart129, figure 1.19 shows the transition of the density of states from a metal to a Mott
insulator as the ratio between the interaction energy U becomes greater than the energy
bandwidth of the non-interacting electrons, W. When t >> U, the tight-binding model is
retrieved and the electrons are delocalized throughout the crystal. In the case where
U >> t, repulsive Coulombic forces dominate and prevent electrons from hopping to
other occupied lattice positions. This leads to an insulating behavior because of charge

(electron) localization.
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Figure 1.19: Change in Density of States from a Metal to a Mott-Insulator. A metal
where the interaction energy is zero (U = 0), i.e. a free electron system. In the weakly
correlated regime (U/W = 0.5), the electrons are still considered to be quasiparticles with a
DOS that resembles the free electron system. In the strongly correlated regime, the DOS
spectrum shows the characteristic three peaks: the Hubbard bands that come from the local
atomic excitations (broadened by the hopping of electrons away from the atom) and the
quasiparticles peak centered at the Fermi level. The Mott-insulator where the electrons
interactions are so strong as to cause the quasiparticle peak to vanish. Adapted from

reference 129,
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Returning specifically to VO, the question of whether its phase transition (band gap
opening) can be described from an electronic model alone (Mott-Hubbard MIT) or can the
structural reconstruction dictates solely its properties via electron-phonon coupling
(Peierls MIT) is still controversial. With the advent of nanoscale probes and ultrafast laser
techniques, the implications of these two models for the dynamical and spatial
characteristics of the MIT have been under increasingly intense scrutiny.

The original suggestion of a Peierls transition in VO was made by Goodenough in
the early 1970s who postulated that the structural distortion that splits the 3d|, band was
enough to create a band gapilZ. However, Zylbersztejn and Mott soon after argued that the
distortion alone was not enough as the upward shifted 3d,, would actually reduce
screening effect between the electrons found in the 3d|; band!2l. This notion was reinforced
in many instances by the fact that density functional theory (DFT) within the local density
approximation framework was unable to reproduce the band gap in the insulating (M1)
statells, However, DFT-LDA provided support for a molecular orbital picture that described
correctly M1-VO2 as the stable lowest total energy and yielded structural parameters
agreeing with experiments!22, Very recently, Eyert32 and lori et al.123 in 2011 and 2012
respectively have shown how non-local exchange interactions can reproduce the correct
band gap in VO2 and thus without additional electron correlations (figure 1.20), closely
agreeing with photoemission experiments124125, At the heart of these results is the use of a
newly-developed hybrid functionals in the work of Heyd, Scuseria, and Ernzerhof (HSE),
that combine the short-range part of the exchange functional using a fixed combination of

generalized-gradient approximation (GGA) and Hartree-Fock contributions while the long-
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range component and the correlation functional are solely encompassed by GGA126, Lastly,

a more complex mechanism termed as Peierls-assisted orbital selective Mott transition12Z

was identified by performing state-of-the-art linear scaling DFT calculations, refined by

incorporating non-local dynamical mean-field theory that calculated a 768 atoms supercell.

The M1 phase was found to be stable against a certain degree of disorder (e. g. oxygen

vacancies) and more importantly, the theory reconciled polarization-dependent X-ray

absorption measurements on VO in which dramatic switching of orbital occupation from

isotropic (in R-phase) to an almost completely polarized 3d; orbital in the insulating M1

phase was observed. This highlights the crucial role of the orbital and lattice degrees of

freedom in the correlated motion of the electrons and reinforces the idea of an orbital-

assisted collaborative Mott-Peierls transitioni2s,

DOS (1/eV)
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Figure 1.20: DOS for Metallic and Insulating VO Using Hybrid Functional. Partial DOS

of R-VO; (left) and M1-VO; (right) using the HSE hybrid functional. Adapted from reference

38 Note the band gap in the insulating state.
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The complexity of the switching mechanism in VO; has also been highlighted at the
nanoscale, where Qazilbash et al122 demonstrated that the metallic nanopuddles formed
during thermal triggering of the phase transition had different optical characteristics from
the rutile (R) metallic phase of VO2. The metallic nanopuddles exhibited (i) an optical
pseudogap in the electronic density of states, underlying the complex interplay between
electronic correlations and charge-ordering due to dimerization; and (ii) diverging
effective optical mass in the vicinity of the MIT arising from many-body Coulomb
correlations. From these observations, they classified VO; as a Mott insulator with charge

ordering reflected in the formation of a strongly correlated metal - metallic nanopuddles -

during the phase transformation122.

Phase coexistence
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Figure 1.21: Strongly Correlated Metallic VO2 Nanopuddles. (a) 4 um x 4 pm near-field
scattering images of VO2 nanopuddles as they undergo phase transition. The images were

acquired by scattering scanning near-field infrared microscopy (s-SNIM) with a spatial
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resolution of 20 nm with the metallic regions being light blue, green and red in color while
the insulating regions being dark blue. (b) Temperature-dependent resistivity
measurement depicting the PT and highlighting the region of strongly correlated metal

having divergent quasi-particle mass and an optical pseudogap. Adapted from reference 129,

Further examination of such VO; films (s-SNIM and micro-XRD) by the same
authorsii3 revealed that the nanoscale local structural and electronic components of the
thermally triggered phase transition do not occur simultaneously in time or congruently in
temperature (figure 1.22). While the structural component of the MIT - as measured by X-
ray diffraction - showed a non-monotonic transition from the M1 to R phase, the electronic
component — measured by the reflectivity in s-SNIM - increased linearly during the phase
transition. At microscopic length scales, the atomic and electronic components of the PT
could potentially be decoupled. On a similar footing, Nag et al. also demonstrated this
principle in epitaxially grown films of VO, arguing that such effect is an intrinsic property
of the VO; phase transition, and not solely due local effects30. From effective-medium
calculations of the dielectric functions of the two states, they argued that an intermediate
metallic state can be formed in which the electron-electron correlations disappear before
growth of the metallic rutile state can proceed (figure 1.23). In Chapter 3, we reconcile
both results by demonstrating that although this non-congruence is intrinsic to VO3, the
effects of grain boundaries and interfaces in thin films tend to blur the differences between
the strongly correlated monoclinic metal and the rutile metallic phase that are more easily

observed in nanoscale structuresi3?,
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Figure 1.22: Contrasting Local Nanoscale Electronic and Structural Response of the
VO: Phase Transition. (a) Spatial maps of the same area depicting structural PT recorded
by nanoscale x-ray imaging with variation in intensity of the Bragg Peak from the M1 phase
(dark blue) to R phase (red) when thermally triggered. The intermediate intensities
(green) shows coexistence of both phases within the x-ray beam spot. (b) Spatial maps of
the electronic PT probed by the similar s-SNIM technique as shown in figure 1.21. Note the
non-monotonic progression of the structural PT, suggesting a sharp transition between the

M1 and R phase.
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Figure 1.23: Non-Congruence in the Electronic and Structural Signatures of the VO
Phase Transition. (a) Normalized XRD and white-light optical transmission hystereses
recording the evolution of the structural and electronic component of the PT of the same
epitaxial sample as a function of temperature. (b) Side-view TEM and top-view SEM of the

sample used.

1.3.2c¢ Thermodynamic considerations: the case for heterogeneous nucleation and
size-dependent switching

In the equilibrium limit, a solid-solid phase transformation can be defined as a particular
phase of a solid characterized by a homogeneous uniform structure and composition and
separated from other phases by sharp boundaries, which becomes unstable under a given
set of thermodynamic conditions and gives birth to new phase with a different

characteristic assembly of same constituent atoms or moleculesi32. Depending on the
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relation between the specific property undergoing a discontinuity and the Gibbs free
energy, the order of the phase transition can be classified as the same order as the

derivative of the Gibbs free energy133. Thus,

G=H-TS=E+PV-TS eqn 1.14

and its derivative, dG = dE + PdV +VdP — TdS — SdT eqn 1.15

where G is the Gibbs free energy, E is the internal energy, P is the pressure, V is the volume,
T is the temperature and S is the entropy. From the derivative of the Gibbs free energy

(with T or P kept constant), we see that:

=) ana 5= (%) 116
=3p). an = o), eqn 1.

Therefore, a transition that undergoes a discontinuous change in volume and entropy (i.e.
latent heat of transformation) belong to the first-order PT, represented graphically in
figure 1.23. At the point where the free-energy curves intersect (7c) the transition I1-I
occurs. At Tc, the two phases coexist and can be distinguished by their different enthalpies
- different structural configurations in our case. To some extent, the Gibbs free energy
curves can be extended on both sides of Tc to describe superheating and supercooling

effect. Based on this definition of phase transition, vanadium dioxide is typically classified
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as a first-order transition since its volume (V) and entropy (S) abruptly change at the

thermal equilibrium transition temperature (T¢).

Energy

T T

Figure 1.24: Characteristic of a First-Order Phase Transition. A first-order phase
transition at constant pressure displaying variations in free energies (Gi and Gu) and
enthalpies (Hi and Hip) for phases I and II respectively. The shaded regions represent the
superheated (red) and supercooled (blue) states, while T, depicts the temperature at which

the two phases intersect thermodynamically.

Experimentally, superheating and supercooling effects manifest themselves as a
hysteresis due to a temperature difference between heating and cooling transitions as one
drives the material across the energy barrier defined thermally by T.. In polycrystalline VO
films, for example, the hysteresis width is typically between 10-159C; in bulk single
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crystals, on the other hand, the hysteresis width is closer to 29C. Accompanied by this lag in
the material response to external driving force is a dependence on its previous forward or
reverse transformation history, marked by the characteristic signature of a hysteresis. The
underlying microscopic description is based on the existence of multiple metastable
configurations that are dynamically linked along the transformation path134 Such a
property, present in VO as well, can be harnessed in memristive-type applications135136,

A peculiar property of VO is a variable hysteresis width manifested in intrinsic size-
dependent switching, due to heterogeneous nucleation of the phase transition. This was
discovered by Lopez et al. in stoichiometric and crystalline VO2 nanoparticles embedded in

SiO2 fabricated by ion beam implantation (figure 1.25)37.
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Figure 1.25: First Observation of Size-Dependent Switching in VO2 Nanoparticles. (a)
SEMs of the various samples studied. (b) Transmission hysteresis measurements of said

samples, annealed for time durations of 2, 4 and 60 minutes.

In order to understand this property, we first rule out the possibility of
homogeneous nucleation. Homogeneous nucleation is an inherently random process

because the new phase is driven by thermal fluctuations that bring the atoms to new
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positions, corresponding to the product phase. For simplicity, let us assume (i) that there is
no significant change in volume between the parent and product phase so as to neglect
complex strain fields that might developed at the interface and (ii) that the interfacial
energy (y) between two phases is independent of crystallographic orientation.
Consequently, the rate of nucleation is directly related to the change in free energy (4G),
according to classical nucleation theory. The formation of a product phase having a
spherical nuclei is a competition between the decrease in bulk free energy (per unit
volume) (4G, ) and an increase in the surface free energy (per unit area of the surface), y.

Consequently, if the spherical embryo has a radius r, then:
4
AG = —?r3 AGpyy + 42y eqn 1.17

From the equation, if the second term dominates, then the embryo will dissolve back into
the parent phase. However, at an instant when the embryo becomes thermodynamically
stable, that is when the radius reaches a critical size (rcriticar) such that the first term
(negative) dominates the surface energy term, further growth of the new phase will be
favored. In the specific case of VO, this nucleation barrier, 4G, can be calculated as shown
by Lopez et al.3Z. Here, the bulk free energy is assumed to be proportional to |T — T,| with a
proportionality constant dictated by the entropy difference between the parent and
daughter phase (~ 6.57 x 105 ]/m3K)137 and the surface energy, though not reported in the
literature, was approximated to be about 10-20 x 10-3 ]/mZ2. This is due to the fact that most

inorganic materials have surface energies of 1000 * 100 x 10-3 ]/m?2 and thus the difference
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between the two VO3 phases can only lie in an even smaller range. From figure 1.25, we see
that for a temperature slightly above the transition temperature (341 K), an energy barrier
of ~ 250 eV is still required to effect the PT and is thus not consistent with energies found
experimentally to switch the VO: (kg:T.=8.61x%10"%eV/K 340K ~ 30 meV).
Consequently, the phase transition must be initiated at “potent sites,” where the local
energy barrier is reduced and where the daughter phase is stable enough inside the parent
that transformation can proceed, even under modest driving forces. This process is defined

asheterogeneous nucleation.
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Figure 1.26: Homogeneous Nucleation Calculations for VO2. Nucleation barrier energy
plotted as a function of embryonic product phase radius for two temperatures (at Tc and T

+1 K). Adapted from references 37 and 138,
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Moreover, in order to understand the size-dependence switching of VO and how it
relates to the hysteresis width (figure 1.24), a detailed model based on the statistics of
heterogeneous nucleation was described by Lopez et al3’Z Here, a transition of the
martensitic type - characterized by a high-speed, diffusionless shear transformations - was
used as it typically provides a basis for understanding structural transformationsi32. A
martensic transition mechanism for VO2 has been described in other studies as well, most
notably the work by Klimov et al.140-142,

Although the exact nature of these potent sites was not clearly postulated when it
was first described, it was believed to be some type of extrinsic defects since the densities
estimated for intrinsic defects (~ 1011) would be too low3é. Thus, the nature of these
nucleation sites could potentially range from vacancies or, wall dislocations to
untransformed embryonic regions as well43, Recently, Fan et al.144 highlighted the role of
the two basic types of crystal defects - point defects and twin walls - by analyzing the
degree of supercooling and superheating in single-crystals microbeams of VO and
thereafter controlling their thermodynamic properties by creating defects in these almost
defect-free microbeams. They showed that nanometer-thick twin walls are constantly
created and destroyed during the symmetry-raising process of metallization, eliminating
the need for superheating by providing seeds for heterogeneous nucleation dynamically
rather than statistically. But on the other hand, twining is forbidden when transitioning to
the insulating state and the nucleation process relies solely on point defects, resulting in a
larger supercooling effect. This is highlighted in figure 1.27. By externally controlling the

number of bulk defects via a-particle irradiation, the supercooling could be quenched, thus
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also paving the way for unique memory and logic devices. In Chapter 3, we make a strong
case that the structural defects initiating the phase transitions are oxygen vacancies that

arise due to interfacial strain.
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Figure 1.27: Effect of Irradiation on Superheating and Supercooling Effect. (a)
Temperature-dependent four-probe resistance of a clamped device before and after two
doses of a-particle irradiation. The superheating is not affected, yet the supercooling is
clearly reduced by the irradiation. (b) An optical image (top) and polarized image (middle)
of a clamped VO2 microbeam showing twinned M1 domains with twin walls (indicated by
arrows) perpendicular to the beam axis, and the nucleation of R domains at some of the

twin walls upon heating to 66°C (bottom).

1.3.2d Recent Developments in VOz: Fabrication and Switching

Over the last few years, the ability to fabricate high-quality VO; so as to control its optical
and electronic properties has increased significantly. This is being driven by the increasing
consideration of VO for a wide range of applications, such as in ultrafast switchesl4s,

modulating barriers in multilayered spin switches146, Mott field-effect transistors4Z and
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novel solid-state memory devices148. Moreover, given the fact that transition-metal oxides
form in an ionic lattice with the charged regions created by defects potentials, non-
stoichoimetry in VO; and oxides in general, can have a huge impact on device performance
due to leakage currents or decreased switching effectiveness. Thus, addressing concerns of
vanadium dioxide growth in thin-film form (epitaxial or polycrystalline) on various
substrates and its fabrication in large quantities or over large areas is of utmost
importance. In VO2, these issues are compounded by the fact that stoichiometric, crystalline
and switching VO2 occupies a very narrow phase space among the oxides of vanadium that

can be formed, as shown in figure 1.28.
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Figure 1.28: Oxides of Vanadium. Experimental phase diagram of the VOx system with

corresponding temperatures. Adapted from 142, 150 gand 151,

Depending on the details of the experiment or the application, VO2 has been
synthesized in various forms, such as bulk single crystali52, thin polycrystallinel33.154 and
epitaxial films155156 nanoparticles3¢37, nanobeams137 and nanowires128-160, The fabrication
methods that have been employed include sputteringlél, ion-beam implantation3¢, pulsed-

laser deposition123162 sol-gel processi®3164 and chemical vapor depositionlé5166, VO,

morphology can also be varied depending on the deposition method, deposition

temperature, substrate temperature, lattice-matched substrates deposition or ways to
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optimize its stoichiometry via precursor deposition rates, annealing times and background
pressure have been devisedi6Z,
Among the most noteworthy in these fabrication protocols is the ability to

synthesize single-crystalline nanobeams and nanowires that are free of defects157.168-170,

This has provided a new level of control for studying fundamental properties of the MIT,
such as (i) the competition process between the various phases (M1, M2, T, R) to enable
better mapping of the VO equilibrium phase diagram110.168171172" (i) the effect of raising
(via twin boundary formation) and lowering symmetryl144 on the hysteretic response of VO3
while varying the degree of strainlZ3 and defect-density to great precision.

Recently, we have developed a reliable and cost-effective method to fabricate
crystalline, stoichiometric and switching VO: on various substrates (glass, silicon and
sapphire)174 This method consists of electron-beam evaporation of a precursor that is very
close to the perfect VO2 stoichiometry so that a fast anneal can already render the film
switching. Because of short annealing time, these thin films remain smooth (few
nanometers in roughness) even when grown on Si. This is in contrast to previous studies
where the long annealing times - following pulsed laser deposition or sputtering - would
form VO2 nanoparticulates due to surface dewettingls3. Moreover, increasing the annealing
times does not result in a significant change of optical performance, but only a slight
variation in morphology as shown in figure 1.30. This method, although not demonstrated
here, could in principle be extended to fabrication of phase-change VO; thin films at wafer

scale. Further details of the experiment and characterization are found in Appendix A.
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Figure 1.29: Modification of VO; Phase Diagram by Doping or Uniaxial Strain. (a)
Structural evolution of VO as a function of doping concentration (Cr) and temperaturelZs.
Similar phase diagrams have been obtained when doped with All76, (b) Phase diagram with
uniaxial stress (along cruile) obtained by in situ optical and SEM imaging of VO2 beam
bending. The eyes are a guide to the eyes while the hatched rectangular area near zero
strain is the narrow phase space previously explore in bulk V02173, (c) SEM of a suspended

nanobeam device displaying buckling at room temperature. (d) AFM topography images
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(upper row) and corresponding amplitude signal of scanning microwave microscopy
(SMM) images (lower row) of VO2 single-crystal nanoplatelets as a function of increasing
temperature. The darker color corresponds to lower height in AFM and lower conductance
in SMM images. M denotes the metallic domains formation. Scale bars in all AFM and SMM

figures were 1.6um.
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Figure 1.30: Characterization of Samples Fabricated by Electron-Beam Evaporation.
(a) AFM of VO samples with varying annealing times. Average surface roughness is quoted
on the right. (b) Switching contrast obtained from white-light transmission measurement

as a function of annealing time. (c) AFM for various films (1 um X 1 um) depicting the
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topography of the samples. Increasing duration of the annealing process induces an

Oswald-type ripening effect as shown by the formation of rod-like features.

Along with various techniques to fabricate switchable VO, have come novel
techniques to trigger the phase transformation, beyond the standard thermal and optical
techniques. Recently, it has been shown that hydrogenationl?Z and terahertz-field in split-
ring metamaterialsZ8 could be potential avenues to modulate VO properties as well. More
technologically relevant is the ability to use current or electric field to induce switching in

V02, emphasizing the Mott character of the phase transition in this casel72-181 Although

there has been much controversy over the cause of the switching because application of a
voltage can lead to Joule heating as well as carrier transport, few recent experiments182
have now settled this issue by showing that with no current flowing through the device, the
phase transition is still induced by a gated electric field. Therefore, a field-effect transistor
incorporating VO; (Mott transistors) could not only have lower operating thresholds, but
could provide greater flexibility as well by circumventing RC-transit time limitations182.183,
Recently, this has been extended to metal-insulator-semiconductor field effect transistors
(MISFETs) based on strongly correlated properties of V0,184185 By electrostatically doping
only a small number of charges at the surface, pre-existing localized electrons were driven
into a mobile state, thus switching the device at very low thresholds (~ 1 V). Therefore, the
potential for using VO: in field effect transistors is still a subject of active research186-190, ag

shown by the examples in figure 1.31.
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Figure 1.31: Electrical Devices Incorporating VO:. (a) Anisotropic transport properties
of epitaxial VO Hall device. Optical image of a VO Hall bar with Au top contacts. The Hall
bar was patterned by photolithography and the film outside the pattern was etched via RIE.
The width is 5 um and the spacing between contacts along the bar is 50 pm12L. (b) VO;-
based electric-double-layer transistor (VO2-EDLT). A small droplet of an ionic liquid,
DEME-TFSI, covers both a channel and a gate electrode so that ions can freely move
between these areas back and forth depending on a gate voltage, enabling electrical
switching184, (c¢) Schematic of Hf02/VO;/HfO2/Si stack structure capacitor device. Cross-
sectional TEM image of the capacitor device along with cross-sectional HRTEM image of

VO-HfO? interface region18Z,
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1.3.3 Non-Equilibrium Limit: A Perspective from Ultrafast Timescales

Since one of the main goals of this dissertation is to provide the first description of the
ultrafast properties of hybrid plasmonic/phase-change materials, a brief description of the
non-equilibrium mechanism at play in VO is necessary. Therefore, understanding the
coupling mechanism of VO; provides a window on a broader class of ultrafast photo-
control properties in quantum materials found in inorganic and organicl?2 correlated-
electron systems. In VOg, interest in its non-equilibrium dynamics from both a fundamental
perspective and for technological applications were spurred when Roach and Balberg first
proposed that the phase transformation could occur in less than 10 picoseconds, provided
that enough energy was deposited during this time period1?3. Figure 1.27 depicts this work,

where the optical response of a 160 nm of VO film was recorded following excitation by a

ruby laser.
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Figure 1.32: First Optical Excitation of the MIT in VO2. (a) The measured fractional

change of the reflected signal as a function of the number of photons or energy absorbed in
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the film during ruby pulse absorption. (b) Oscilloscope tracing of the first-order diffraction
signal D vs. time for various values of the ruby-laser excitation intensity energy. Vertical
scale for D is 0.017% I, div, where I, is the incident-probe-beam intensity. The time scale is

200 nsec/div. Adapted from references 123 and 194,

1.3.3a General theory background in ultrafast spectroscopy
The ability to measure the fundamental temporal dynamics in a material requires
capturing a series of snapshots while the system is evolving in time. The duration of these
snapshots, i.e. exposure time, dictates the resolution at which the dynamics of the system
can be resolved. If the dynamics are much faster than the duration of the snapshot,
information about the system is thus lost. Consequently, one needs snapshots or pulses
that are shorter than the event one would like to interrogate. The first example of such
time-resolved studies was the study of whether all four hooves of a horse would be
simultaneously off the ground while it is galloping. In this experiment entitled “Sallie
Gardner at a Gallop”, Muybridge used twelve cameras to sequentially take photographs as
the horse was travelling across this field of view. By developing a high shutter speed to
record photographs with a time resolution of one millisecond, the corresponding images
were acquired (Figure 1.28), clearly demonstrating that at a given point in time all four
hooves were off the ground. This settled the debated12>.

Nowadays, this concept has been extended to understanding physical, chemical and
biological processes in a time-resolved fashion, permitting insights into mechanisms such
as molecular binding1%, chemical reactions127198 phase transitions3>122 and dephasing

processes200201 that occur on the picosecond (1 X 107'2sec) or even femtosecond
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(1 x 10715 sec) timescales. In condensed matter systems, the short and long range order
that exist in a lattice can provide other interesting effects that are metastable and therefore
short-lived. Consequently, ultrafast techniques are required not only to trigger these

mechanisms, but probe these hidden states as we]]13.202.203,
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Figure 1.33: The First Report of Time-Resolved Measurement: “Sallie Gardner at a
Gallop.” The measurement was used to settle the debate that all four of a horse's hooves

are off the ground at a given point in time during the gallop. From reference 19,

At the basis of such experiment is the ability to trigger a material response with an
ultrashort pulse such that either carriers can be excited across energy bands or atomic
vibrations can be set into motion (phonons). The use of femtosecond pulses to study the

ultrafast dynamics of semiconductors was first demonstrated by Shank et al 204
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Thereafter, studies of ultrafast solid-liquid2% and solid-solid3> phase transformation were
also demonstrated. Since such excitation schemes in materials can lead to formation of
metallic states with drastic optical changes analogous to chemical doping, the term
photodoping was coined, highlighting the ability to control materials properties with light.
Currently, advances in the field of ultrafast science have two directions: the gradual
development of faster probes by pushing the temporal resolution into the attosecond
regime (1x 10718 sec) that will lead to an understanding of even faster electronic
processes. The other direction is to extend established static techniques such as x-ray
diffraction2%, electron diffraction1??, photoemission207-210 and potentially transmission
electron microscopy to the femtosecond timescale, enabling the study of atomic motions
and Fermi surfaces in a time-resolved fashion. Recently, Perfetti et al. demonstrated the
ability to measure the time evolution of the electronic structure during a MIT by angle-
resolved photoemission electron spectroscopy2l, highlighting the collapse of the band gap
within 100 fs. Perhaps even more fundamentally important is the novel ability to excite
vibrational modes of a material to control its electronic phase. This work was
demonstrated by Rini et al. by using intense pulses in the mid-IR, corresponding to a
perturbation of the phonon mode in a perovskite-structure beyond its tolerance factor, to
excite a manganite212, changing it from a paramagnetic insulator to a ferromagnetic metal
phase. This concept has been extended to rectified phonon fields that can exert a
directional force onto the crystal (thanks to lattice anharmonicities), inducing abrupt
displacement of the atoms from their equilibrium positions and therefore opening a new

direction for the optical control of solids in their electronic ground state that is different
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from carrier excitation213, As will be discussed in the next section, a few of these ultrafast

techniques have been employed to aid in the understanding of the phase transition in VOo.

1.3.3b Recent developments in ultrafast dynamics of VO

Ultrafast studies of VO2 can be classified into three main categories, namely (i) metallic
domain formation along with its associated relaxation mechanisms (ii) elementary
mechanistic studies of the optically-driven phase transition and (iii) technological
applications.

Briefly, for the first case, it was found by Lysenko et al that the temperature
distribution in the VO film following pulse excitation becomes uniform in ~ 10-12 to 10-°
second range, depending on the details of the film (thickness and morphology) and
excitation pulse (light absorption and pump fluence)?l4. More importantly, it was
discovered that relaxation of VO2 on single crystal substrates was ~ 50 times faster21> than
on amorphous ones, as summarized in figure 1.29. This suggests than phonon transport
could potentially be tailored in epitaxial VO2, where reduced phonon scattering at the

V02 /substrate would result.
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Figure 1.34: Recovery Dynamics of VO:. (a) Substrates effect on the thermal recovery
time as a function of film thickness. (b) Metal to insulator recovery time as a function of

pump fluence for a specific film thickness of VO2 (25 nm). From reference 215 and 21¢,

Hilton et al later discussed the ultrafast complexity of such systems at near-
threshold switching behavior where a percolation model could still be applied (i.e. as
opposed to high pump fluences where VO2 PT is prompt and non-thermal). By using
optical-pump terahertz-probe spectroscopy, transport measurements were conducted that
would have otherwise been impossible due to absence of a macroscopic pathway because
of phase separation and domain formation. Interestingly, they found that there was a ~ 100
ps rise time for the film to reach a metallic phase, independent of the exciting pump
fluence. Since this is much longer than the time it takes for photoconductivity to develop
due to carrier excitation to the conduction band (as in typical semiconductor) and also
longer than lattice heating via carrier thermalization (~ 10 ps), they hypothesized that
these conductivity dynamics are more complex than a simple heating beyond T.. Moreover,

by increasing the temperature of the VO: film, they showed that the conductivity
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discrepancy (between the maximum obtainable conductivity by heating and the actual
conductivity obtained with pulses that could heat the sample beyond T¢) would decrease,
as shown in figure 1.30. Therefore, this demonstrated that there is a “stiffness” with respect
to driving the insulator-to-metal transition and that this “stiffness” decreases as the
temperature of the VO2 material is raised. This can be interpreted as a softening of the

phonon modes of the insulating system.
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Figure 1.35: Near-Threshold Behavior Probed by Ultrafast THz Spectroscopy. (a)
Time-resolved conductivity for various sample temperatures. (b) Maximum conductivity

change. From reference 217,

More than half a century after its discovery, the mechanism underlying the MIT is
still under intense debate. Ever since it became clear that a subtle balance between cell-
doubling and carrier localization was responsible for the PT and that structural remodeling
was possible on a sub-picosecond timescale, this has generated many ultrafast studies to
refine understanding in VO; and correlated oxides in general32. Before discussing the

details of some of these important results, we point out that the observed ultrafast
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response cannot be explained by mere excitation of carriers across a semiconductor band
gap for many reasons, namely (i) e-h pairs creations at these densities would result in a
decrease (increase) of reflectivity (transmission); (ii) the response would not have any
fluence threshold dependence and would not saturate with fluence as well; (iii) the long
lifetime of the relaxation cannot be attributed to hot carriers (~ 10s of picoseconds).
Consequently, it is important to note that there are three regimes for the ultrafast PT,
namely (i) below the fluence threshold where no PT occurs, (ii) slightly above the
threshold where there is a small amount of the VO; that metallizes due to thermal diffusion
of heat and (iii) the saturation region where the structural phase transition can occur on a
sub-picosecond timescale218, In the work of Cavalleri et al. (2001), this was the first time
that ultrafast optical and x-ray measurements were performed in conjunction and most
importantly, the first experiment of non-thermal order-disorder PT where the product
state was directly identified. Thereafter, using the same technique, Cavalleri et al. proposed
that such time-resolved measurements could distinguish whether the dynamics was due to
a Peierls or Mott mechanism. They argued that by varying the pulse duration and tracking
the VO2 response, this could result in two scenarios, namely: if the response is prompt and
follows the laser pulse, this would demonstrate the electronic character while if the
response was limited to a certain timescale, this would mean that the structural phase
transition alone dictates the insulating ground state and that the ultrafast PT was set by
atomic motion. Figure 1.30 demonstrates that the latter scenario was favored and a

structural bottleneck of ~ 75 fs was found, corresponding to half cycle of a V-V oscillation.
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Figure 1.37: Ultrafast Selective X-Ray Absorption Measurements. (a) Static soft x-ray
transmission absorption measurement of free-standing VO: film at the VZp and Olis
absorption resonances. (b) Femtosecond x-ray absorption measurements at the 516 eV
and 530 eV resonances. Vertical error bars represent one standard deviation of the photon
counting distribution. Horizontal error bars reflect the long-term drift in the delay between
laser pump and x-ray probe pulses measured via cross correlation with visible

femtosecond synchrotron pulses. Solid lines are guides to the eye. (c) Schematics of the
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photoinduced rearrangement of the electronic population between the 3d) valence band
and the mixed 3dr orbitals. This results in band gap collapse and the creation of a non-
equilibrium electron distribution, increasing (decreasing) the VZp (0O1s) binding energies
due to transient charge transfer from the V4 anions to 02  anions. These transient core-
level shifts reestablish the valency of the equilibrium metal as the hot electron distribution

thermalizes.

With the discovery of this structural bottleneck in VO ultrafast PT, understanding
the details of the electronic dynamics (electron-orbital modifications) and consequent
coupling to the lattice was the next logical step. As pointed out by Cavalleri, beyond
identifying the resultant metallic phase, the dynamics of complex electronic structure
cannot be fully understood by visible-IR spectroscopy alone. This is due to the fact that at
these wavelengths, the response is extremely sensitive to the joint density of band gap
states and the collective response of the electronic plasma (at nearly 1 eV). Thus, a novel
time-resolved technique to probe the variously hybridized valence states of VO had to be
developed. Ultrafast x-ray absorption spectroscopy, developed by the Schoenlein group at
the Lawrence Berkeley National Laboratory, provided the selective method to probe such
local electronic, magnetic and short range atomic structures with elemental specificity.
Thus, by tuning the x-ray to specific resonances of the VO system (via dipole selection
rules: V3d) from the V2p (= 516 eV) and the V3d, (mixing of the V3d and OZp orbitals) from
the O1s (= 530 eV))220, as shown in figure 1.31, they provided an explanation for the
transient shifts in core-level orbitals, along with the importance of hole doping as a key
ingredient to modifying orbital coupling22l. The sensitivity of the phase transition to hole

doping has been demonstrated both experimentally in device type geometries172222 and
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theoretically by extending the Brinkman-Rice picture, but taking into account
inhomogeneity of the system223224, Furthermore, the idea of hole photodoping driving the
IMT is reinforced by the fact that as opposed to the bulk crystal that can only undergo
phase transition with optical pulses at or above the band gap energy (0.67 eV), thin films
can be switched by photon energies below the band gap, extending to 0.18 eV. This is made
possible due to the presence of defect states in the middle of the gap that mediate the
formation of holes22s,

Since the bottleneck (corresponding to half the V-V oscillation period) is too fast to
be attributed to lattice heating effects as electronic excitation is largely decoupled from the
lattice during these sub-100 fs, the most likely explanation for the collapse of the band gap
is that the atomic structure vibrates coherently and is brought about by optical phonons.
Such explanation is supported by the fact that Raman responses of VOz show that direct
optical excitation couples with the Raman-active Ag modes (totally symmetric) that map
the insulating state onto the metallic one218. More precisely, the M1 phase can be mapped
onto the R phase by two normal vibrational modes of the V atoms located at the I'-point as
a result of the Brillouin zone folding in the monoclinic phase226227, corresponding to a
tilting and a stretching mode. It was subsequently demonstrated by Kiibler et al.228 and Kim
et al.229 separately that the coherent phonon modes can be an excellent marker of the phase
transition, revealing dynamics of the V-V dimer oscillations and the possible presence of a
transient monoclinic correlated metal (MCM) respectively. Further analysis of Kiibler’s
work resulted in the observation of a non-linear coherently driven atomic oscillations twice

that of the originally found 6.1 THz phonon frequencyl?®. The proposed scheme -
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developed using the Biermann cluster dynamical mean-field theory framework for V0,230
(molecular solid of V dimers embedded in an O-octahedra matrix) - suggests that the
removal of an electron from the V-V dimer lead to a destabilization of the dimer and a local
oscillation. Using pump pulses of 12 fs and a full 2D ultrabroadband THz probe (both phase
and amplitude resolved) with a time resolution of 40 fs231232  the multiple participating
degrees of freedom in the form of these coherent phonon oscillations were directly
observed and were found to last for a few picoseconds only, as shown in figure 1.32 and
1.33. We note however that such oscillations could potentially last for longer times, as
revealed by direct time-resolved measurement of the structural phase transition (unit cell
vibration monitored by x-ray)233234, suggesting that the optical probe monitored loss of
phononic coherence rather than the disappearance of these modes due to thermalization.
As Cavalleri et al. pointed out, such a system may exhibit residual vibrational coherence
even in the product phase, but can become invisible to optical probing due to a change of

symmetry that renormalizes the relevant vibration to the edge of the Brillouin zone218,
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Figure 1.38: 2D Optical Pump/Multi-THz Probe. (a) Equilibrium conductivity of
insulating VO.. Color plots of the pump-induced changes of the conductivity: (b) at T =4 K
and an incident fluence of 7.5 mJ/cm?; (c) at T = 250 K and pump fluence of 3 m]/cm?; (d)
at T = 250 K and pump fluence of 7.5 m]/cm2 The broken vertical lines indicate the

frequency positions of cross sections that will be used for figure 1.33.
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Figure 1.39: Decay Dynamics of Optical Pump/THz-Probe Data. (a) Spectrum of the
oscillatory component and fit by a Lorentzian function (blue line). The spectrum of the
oscillatory modulation observed in degenerate pump-probe experiment of 212 at 1.55 eV
(red line) and the unpolarized spontaneous Raman spectrum235(gray line). (b) Cross
sections of figure 1.32 along the time axis for photon energies of 60 meV and 100 meV
(left), along with the oscillating components of the cross sections through the 2D scans

(right). Green solid lines are fit of the oscillating component by a cosine function with

frequency of 6.1 THz (top) and at a doubled frequency of 12.2 THz (bottom).

This idea of a strong structural component of the phase transition mechanism has
very recently (2012) been emphasized by Cocker et al. who described a critical-threshold
model not only based on the critical density of electrons but also a critical density of
coherently excited phonons, melting the Mott state while breaking the Peierls distortion

respectively. Moreover, by providing the first phase diagram of the ultrafast photoinduced
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IMT, a region of transient intermediate metallic state (metallic M1) was found at low

temperatures (< 200 K), as shown in figure 1.34236,
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Figure 1.40: Ultrafast Phase Diagram of VO2. (a) Phase diagram of the ultrafast IMT in
VO.. Regions A, B, C, and D depict the four characteristic conductivity dynamics. Line 1
corresponds to the incident pump fluence required to excite electron densities that
correspond to the metallic state, while line 2 is the incident fluence that raises the front
surface 6 THz phonon population to the critical density. Line 3 shows the incident fluence
necessary for the 6 THz phonon modes to reach critical density and supply the latent heat
for the structural transition at the back surface of the film. Finally, line 4 marks the incident
fluence that corresponds to directly exciting the critical electron density at the back surface
of the VO; film. Orange squares and black triangles represent the thresholds for metallic
formation 5 ps and 25 ps after the pump pulse, respectively. Blue circles indicate
thresholds for the onset of slow-rise dynamics. Filled navy blue diamonds in (a) show the
ability to reach a fully metallic state (-AT/T = 33.5%) 5 ps following the excitation, while
hollow brown diamonds indicate the fully metallic state is formed at 25 ps. Region A thus
represents the insulating state while region C represents the photoinduced nucleation and
growth of the metallic state. Region D represents the ultrafast (< 0.5 ps) photoinduced

nucleation of the full metallic state throughout the film. Finally, region B shows the newly-
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defined intermediate metallic state as described by Cocker et al. Moreover, the hatched
pattern denotes the steady-state IMT region. (b) Vertical cuts of the phase diagram at 80 K
and 225 K highlighting the THz conductivity dynamics of the VO2 film. The figure has been

taken from reference 236,

The ability for VO2 to switch at such ultrafast speeds while being operational at
room-temperature has generated few novel applications such as potentially incorporating
nanoparticles into optical fibers (at telecommunication wavelengths and with pulse
energies as low as 250 uJ /cm? for above band gap excitation222) as shown by Rini et al23Z or
use in thin-film form to probe and measure ultrafast pulses at the desired location, as
demonstrated by Cilento et al.142, Recently, it has also been verified by Wegkamp et al. that
broadband pulses of a record of about 10 fs in duration- generated by focusing pulses from
an amplified Ti:Sapphire laser onto a YAG crystal - could be probed and consequently
phase-corrected for the purpose of ultrafast pump-probe experiments. Some of these

experimental results are highlighted in figure 1.35238,
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Figure 1.41: Novel Ultrafast Applications of VO2. (a) Ultrafast switching of the intrinsic
surface plasmon response of VO2 nanoparticles with varying aspect ratio23Z, Thin film of
VO; used (b) as an ultrafast broadband spectrographi4s> and (c) for phase-correction in

ultrashort broadband probe pulses of ~ 10 fs in duration23g,
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CHAPTER 2

PLASMONICS AT SINGLE NANOANTENNA LEVEL: THE VO “WHISPERER”

“God runs electromagnetics by wave theory on Monday, Wednesday, and Friday,
and the Devil runs them by quantum theory on Tuesday, Thursday, and Saturday.”
~ William H. Bragg, 1915 Nobel Laureate

2.1 INTRODUCTION
This chapter introduces the idea of hybrid nanostructures by combining a plasmonic
nanostructure with PCM vanadium dioxide that undergoes a solid-solid phase

transformation (§1.3.1). Although the ability to modulate the plasmonic response of a

nanostructure using VO; has been demonstrated previously232-241, we show experimentally
for the first time that such large spectral shift can be achieved and detected at the single
nanostructure level.

More importantly, we emphasize that the plasmonic nanostructure acts as a
nanoscale antenna, probing its near-field nanoenvironment (for e.g. changes in the
dielectric properties and interfacial effects such as grain boundaries). This is possible due
to localized surface plasmons that can efficiently mediate electromagnetic energy transfer
between the near- and far-field, thus registering information similar as an antenna but with
much higher operating frequencies. Here we demonstrate that thermally controlled
plasmon resonance modulation of a single gold nanoparticle on a VO thin film by

performing single-particle dark-field spectroscopy measurement during its phase
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transformation process. The plasmon resonance of the nanoparticle significantly blue shifts
when the VO; undergoes its characteristic IMT around 67°C because of its drastic change in
dielectric properties (figure 2.1). The nature of this near-field nanoantenna allows probing
of the statistically and spatially varying domains (insulating, metallic and potential
intermediate states). Consequently, monitoring the shift in the gold plasmon resonance
shows a clear gradual “plasmonic” hysteresis that mimics the behavior of the underlying
VO.. Interestingly, plotting the scattering intensity at specific wavelengths of the Au
nanostructure not only reveals the same hysteretic behavior but also displays a curious
overshoot before (after) the insulator-metal (metal-insulator) PT of VO. Since this
correspond to regions of the VO phase diagram that are closely linked to strong
correlation2?, this suggests the ability for plasmonic nanoantennas to probe effect
associated with electron-electron correlations.

Furthermore, since in the present case modulation/detection was achieved at the
single nanoparticle level, this chapter implies several technological implications such as the
possibility of creating enhanced catalytic nanosensors and color nanosorters242 that could

be envisioned to operate as a single unit that is deep subwavelength in size.
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Figure 2.1: Dielectric Properties of Gold and Vanadium Dioxide. Real and imaginary
part of the permittivity for gold (yellow) and insulating (blue) and metallic (red) VO in the

visible-NIR. The data has been extracted from references 114 and 243,

2.2 EXPERIMENTS AND DISCUSSION OF RESULTS

2.2.1 Sample Fabrication

A thin film of VO; with nominal thickness of 110 nm was fabricated on a thin (0.5 mm)
glass substrate. A vanadium target was ablated using a pulsed laser deposition system
(laser A = 248 nm, 25 ns pulse duration, ~ 3.9 mJ/cm? fluence and 10 Hz repetition rate) in
an oxygen environment (10 mTorr), as shown in figure 2.2. The target-substrate distance
was about 10 cm1¢Z, Subsequent annealing of the sample in 250 mTorr of oxygen rendered

the film both crystalline, stoichiometric and switching. Following VO thin film fabrication,
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commercially purchased Au colloids of 100 nm diameter in deionized water were spin

coated on the prepared film.
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Figure 2.2: Pulsed Laser Deposition of VO2 Thin Film. (a) Schematics of the PLD system.
Depositions conditions such as (b) oxygen pressure, (c) number of laser pulses and (c)
annealing time to render the VO; thin film crystalline, stoichiometric and switching. The
data was extracted from reference 133, The plume in the PLD schematics is an actual

snapshot taken during the ablation process (courtesy of Dr. D. Ferrara).
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2.2.2 Single Particle Spectroscopy

Single particle spectroscopy is used to characterize the optical properties of the Au colloid.
The dark field configuration is operated in a spectroscopic setup as depicted in figure 2.3.
In this dark field configuration, the sample is illuminated by a halogen bulb (100 W) with
the light being shone at a high angle (> 60°) via a dark field condenser (Olympus LMPLFLN
100x BD, 0.8 NA)244, Here, only the light scattered in the focal plane is coupled to the
detection path. A Peltier element24> mounted on the sample stage was used for either
heating or cooling the VO: film, which enables measurement of the Au particle plasmon

resonance at different temperatures, thus mapping a hysteretic behavior.
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Figure 2.3: Single-Particle Spectroscopy Setup. Experimental setup of single particle

dark field microscopy. Adapted from 246,

2.2.3 Hysteresis: Transmission vs. Plasmonic

From the above setup, the scattering spectra for a single Au colloid on the VO thin film can
be collected. Figure 2.4 shows the spectra when the film is in its metallic (red) and
insulating (black) state, i.e. below (= 35°C) above (= 90°C) the transition temperature of ~
67°C. From figure 2.4, it is clear that the plasmon resonance of the Au nanoparticle exhibits

a blueshift up to 30 nm when increasing the temperature from 35 °C to 90 °C. As the VO
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progresses through the phase transition, the gold nanoparticle experiences a change in its
local dielectric environment, thereby causing the plasmon resonance to shift its peak
position. This can be understood by a resulting change in the polarizability of the
plasmonic material as its near field environment would undergo a change in its dielectric
permittivity (eqn 1.3). More precisely, the dipole resonance condition for the Au colloid
requires that the real part of the denominator in eqn 1.3 to vanish. Thus, the Au LSPR
occurs in the near-IR region of the spectrum because the real part of the Au permittivity
becomes negative enough to cancel out the VO; counterpart (the medium when insulating)
that has values ranging between 8 and 10 at visible to near-IR wavelengths (figure 2.1).
However, in the metallic state of VO, the real part of the permittivity is considerably lower
than that in the insulating state, implying a less negative Au permittivity for the satisfying
the resonance condition. Hence, the LSPR peak should appear at shorter wavelengths when

the surrounding VO2 becomes metallic. This means a blue-shift in the resonance.
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Figure 2.4: Characterization of Hybrid Au Colloid/VO: Film. (a) SEM of the VO thin
film used showing the grain structure. (b) SEM of single Au colloid on the corresponding
film. (c) True color dark field image. (d) Spectra of scattered light from the gold colloid
when the VO3 is metallic (red) and insulating (black), depicting the blue shift.

Compared to the scattering spectrum at low temperature, there are two distinct
features appearing in the high-temperature spectrum. First, the spectral linewidth at high
temperature is narrower than that at low temperature, which is due to the substrate effect
on the nanoparticle scattering spectra. This can be understood from the fact that the real
part of the complex dielectric constant of the VO film is smaller in its metallic phase than
its insulating phase. Second, the scattering intensity at all wavelengths above 630 nm is

lower at high temperature than low temperature. To gain deeper insights into the Au
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plasmon resonance modulation, we measured the scattering spectra for an individual Au
colloid when heating and cooling the VO film at temperature intervals of 5 °C. By
extracting the resonant wavelength from each spectrum, we were able to map the
hysteresis curve of the Au plasmon resonance as a function of the external temperature, as
shown in figure 2.5b. Moreover, we also carried out far-field transmission hysteresis
measurement of the bare VO: film using an InGaAs photodetector. The integrated
transmission intensity is plotted in figure 2.5a and shows the characteristic hysteretic
response, indicating the temperature-dependent VO dielectric functions. By comparing the
two figures, one can clearly see that the hysteresis curve of Au plasmon resonance follows

the transmission hysteresis of the VO film closely.

87



Q
>
o
>

100
S . 640
—_— B E
]
S " <
B == 3
c
g : K g 630
& 75 F "‘ "= lr 3
+— . (b}
T i
N " u S 620
© = g =
S " x
2 ; a
50 610 i
1 1 1 > 1 1 1 >
40 60 80 40 60 80
Temperature (°C) Temperature (°C)

Figure 2.5: Transmission Hysteresis vs. Plasmonic Hysteresis. (a) Phase transition
monitored by integrated white-light transmission of the thermally modulated 110 nm VO
film. (b) Phase transition of the same film monitored by plasmon resonance shift in a single

gold nanoparticle. Red and blue arrows represent heating and cooling respectively.

At first glance, the hysteresis width in the transmission of VO; appears rather
smaller than that in the plasmon resonance of the Au nanoparticle. However, one should
not directly compare these two curves. The transmission from the bare VO film was
integrated by the photodetector over the wavelength range of the white-light probe, while
the plasmon resonance of Au nanoparticle varies over a much smaller wavelength range

from 600 to 630 nm. The dielectric function of the VO film shows a strong dependence on
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wavelength over the range included in the white-light spectrum24Z. More importantly, the
transmission spectrum of the film was measured over a large area of the VO: film, while the
Au nanoparticle plasmon resonance is governed only by the local change of the VO;
dielectric response and is thus sensitive only to changes in the VO2 film occurring within
roughly the plasmon field decay length of order ~10-20 nm248 This highly localized
response of the Au particle plasmon resonance to the change in its surrounding dielectric
environment renders the nanoparticle a sensitive probe of the size effects in the metal-
insulator phase transition of VOz nanoparticles in the proximity of Au particles. Therefore,
while the white-light probe beam (transmission measurement) was interrogating a ~ 100
um diameter spot size, the plasmonic hysteresis represents the measurement of only a few
VO grains. Thus, the wider hysteresis width could potentially be due to a smaller volume
of probed VO3, corresponding to a smaller number of nucleation sites that can seed the PT

in these domains (§1.3.2¢).

2.2.4 Simulating the hybrid Au colloid/VO- thin film optical response

In order to understand the response of our hybrid system in greater details, we carry FDTD
simulations using Lumerical Solutions package. In the first case, we simulate a gold colloid
of diameter 100 nm that sits on the 110 nm of the VO; film. As shown in figure 2.6. the
spectra shows similar response to the experimental one, with a blue shift when the film
metallizes and a slightly narrower linewidth when metallic. However, we also note that
both the spectral shift and the resonance position do not match exactly with the

experimental ones. This is due to the fact that the gold colloid is in greater contact with the
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film, due to the granular structure of our film. In order to confirm this hypothesis, FDTD
simulations were performed for a gold colloid situated into the VO, as shown in figure 2.6.
From these results, we see that indeed both the resonance position and the spectral shift
agrees with the experimental one when such contact effect is accounted. This therefore
shows that the gold is indeed interacting with few domains of the VO2 and hence probes the

near-field environment.
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Figure 2.6: Simulated Spectra of Hybrid Au Colloid/VO: Thin film. (a) Simulated
response of the gold nanoparticle with the gold colloid on the metallic (red) and insulating
(blue) VO film. The inset shows that the shift in resonance is only 6 nm (~ 30 nm
experimentally). (b) Resonance position of the gold colloid when displaced from the top
surface of the film (0 nm) to 20 nm deep into the VO2. The experimental spectral shift is
also overlaid (insulating blue to metallic red rectangle), confirming that the gold colloid is
indeed not resting on the top surface but interacts more directly with the VO3, due to the

film grain structure.
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2.2.5 Enhanced Scattering: The “Overshoot” Effect

Now we turn to the aforementioned finding that the scattering intensity of the Au particle
at wavelengths above 630 nm is larger in the insulating phase of VO2 than its metallic
phase. To have a thorough understanding of this difference, we have plotted the
temperature evolution of the scattering intensity at arbitrary wavelengths (640 nm, 700
nm and 740 nm) in figure 2.7. Note that we have excluded the average scattering
contribution from VO3 itself by subtracting the scattered signal of the bare VO area in close
proximity to the Au nanoparticle for each dark-field spectrum. A peculiar behavior is now
observable for increasing wavelength: the scattering intensity exhibits a broad hysteresis
loop with an overshoot emerging before the onset of the insulator-metal (heating)
transition and after the completion of metal-insulator (cooling) transition of the VO: film.
The overshoot is not a spike but exhibits a relatively symmetric shape and thus appears as
“rabbit ears” superimposed on the hysteresis, as described in Lopez et al. work11l, During
the heating cycle, the scattering intensity shows a maximum at T, around 67 °C. During the
cooling cycle, on the other hand, the maximum intensity occurs at a much lower
temperature. A similar feature has previously been observed in a dark-field scattering
measurement of VO2 nanoparticle arraysill. However, in that case, the increased scattering
intensity in the vicinity of the transformation from insulator to metal and back again was
shown to be due to incoherent scattering from the nanoparticle arrays, because all the
particles do not transform at a unique T¢ but instead have a probability of switching in a
range of temperatures around T.. In other words, at a certain temperature around T, all

nanoparticles form a mixture of insulating and metallic phases and due to this order-
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disorder-order phase transition, maximum incoherence occurred at about the mid-point of
the PT. Adapting this idea to the present case, we note that the grain size of the VO; film
(with characteristic domain sizes of approximately 70 + 10 nm) is of the same order as the
VO; nanoparticle dimensions in referencelll. Thus, the Au nanoparticle potentially
registers an average response of the statistical mixture of insulating and metallic grains of
VO, within the short range of its plasmonic field, thereby leading to the strongest scattering

at a temperature different from the critical temperature.
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Figure 2.7: Scattering Hysteresis at Varying Wavelengths. The pronounced scattering
effect at the onsets of the phase transition (heating and cooling) becomes more apparent at
longer wavelengths due to a decreasing effect of the gold scattering as we move away from

its resonance (~ 617-642 nm).
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2.3 CONCLUSIONS
The appearance of these maxima in the hysteresis curves highlights the extremely localized
character of our plasmonic probe when monitoring the PT. Although FDTD simulations can
reproduce the spectral shift, with an agreement in the linewidth as well, these simulations
cannot reproduce this enhanced scattering phenomena observed at the onsets of the phase
transformation. This could be due to two things. First, the difficulty in simulating such
phenomena could potentially arise due to the simplification of e(K = 0, w) = &(w) where
the spatially local response has been averaged242. Although this simplification is valid for
wavelength in the material that is significantly longer than all characteristic dimensions
such as the size of the unit cell or the mean free path of the electrons, this might not be the
case in VO, which is plague by grain boundaries and varying nanocrystals domain
orientation. Second, this potentially suggests that these enhanced scattering effects could
be associated to probing the strongly correlated nature of the VO3, as has been observed
previously in such VO thin-film system (§1.3.2b) 122, Similar to processes such as surface-
enhanced Raman scattering (SERS) or emission enhancement, the plasmonic nanoparticle
could potentially enhanced the electronas-electronvoz interaction as it undergoes the
phase-transition. Such effect therefore cannot be accounted in the simulations.
Consequently, further experimental and theoretical investigations will be required to gain a
deeper understanding of this mechanism.

Nevertheless, we have shown that modulation at the single nanoparticle can clearly
be achieved and that such single-particle plasmon resonance spectronanoscopy has the

potential to probe the interfacial or domain-boundary scattering owing to the high
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sensitivity of the scattered light to the environment. Our results show that the plasmon
resonance has a reversible hysteresis that closely follows the transmission hysteresis of the
underlying VO: film and therefore plasmonic memristors could potentially be

demonstrated, underlying the memristive nature of the PCM-VO; itself135.250,
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CHAPTER 3
PLASMON RESONANCE SPECTROSCOPY: AN EXQUISITE TECHNIQUE FOR

PROBING THE INTRINSIC PROPERTIES OF QUANTUM NANOSTRUCTURES

“God made the bulk; the surface was invented by the devil”

~ Wolfgang Pauli, 1945 Nobel Laureate

3.1 INTRODUCTION
Atomic and electronic reconstructions in vanadium dioxide and PCMs in general are
increasingly considered for nanoscale data-storage, switching and photonics technologies.
Such device technologies (ultrafast switches,14> modulating barriers in multilayered spin
switches, 146 Mott field-effect transistorsi4? and novel solid-state memory devices.148) rely
on switchable modification of the electrical and optical properties of PCMs when heat, laser
pulses or electrical fields are applied to overcome the energy barrier to the phase
transformation.221 As these devices are scaled down, a deeper understanding of entangled
structural and electronic effects is essential to tailoring the functionality of PCM devices. Of
particular interest are surfaces, grain boundaries and interfaces of PCM nanostructures
owing to their pronounced contribution at the nanoscale. Recent examples are conduction
at an insulator surface,22 superconductivity at oxide interfaces223 and reduced switching
energies in interfacial PCMs.254

This chapter illustrates the importance of understanding the effect of interfaces on

the switching properties of VO2. By considering the effect of size together with
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homointerfaces, arising due to grain boundary, proper design consideration can thereafter
be given when combining, more generally, a plasmonic material with a phase-changing
material. At the heart of this modification in the phase-changing properties are defects,
which are known to affect nanoscale phase transitions. However, their specific role in the
metal-to-insulator transition in VO; has remained elusive. By combining here plasmon-
resonance nanospectroscopy with density-functional calculations, we correlate decreased
phase-transition energy with oxygen vacancies created by strain at grain boundaries. By
measuring the degree of metallization in the lithographically-defined VO; nanoparticles we
find that hysteresis width narrows with increasing size, thus illustrating the potential for
domain-boundary engineering in phase-changing nanostructures.

Despite the simple stoichiometry and structure of VO however, there are many
unresolved puzzles about its metal-to-insulator transition (MIT). Recently, the nanoscale
electronic and structural phase coexistence in thermally modulated VO; (§1.3.2¢) 112 and
the origins of size-dependent switching in VO; nanoparticles (NPs)111112 have been the
subject of much debate. Although experiments to identify the mechanism of such size-
dependent switching have been performed,25> 112 following the initial observation by Lopez
et al, 111 the interpretation of the nanoscale VO: response, in particular distinguishing
electronic and structural transitions, was complicated by the presence of a gold interface.
In these experiments, owing to the low signal of pure VO, NPs, both in extinction (~10
times less than Au NPs) and Raman spectroscopy, gold nanostructures were employed

either as SERS agents252 or plasmonic nanosensorsii?, illustrated in figure 3.1.
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Figure 3.1. Electronic vs. Structural Switching Signatures at Nanoscale. (a) Electronic
signatures of pristine VO2 nanoparticles measured by monitoring the incoherent electron
scattering response of each NP arrays while the structural signature was measured (in a
different experiment) by monitoring the loss of Raman modes of the insulating VO2 phase.
Note that the bright colors in the SEM are gold nanoparticles used for surface
enhancement. (b) Summary of both the electronic and structural phase transition
(determined by their corresponding hystereses widths), displaying a non-congruence at

the nanoscale.

Additionally, the specific origins of metallicity at grain boundaries have also

emerged as a critical issue for PCM applications involving the transport and electrical

properties of V02.171.256-259 Jnfortunately, it is precisely that knowledge of the specific point

defects that nucleate this phase transition which is not available.
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Here, we show that the most likely point defect nucleating the phase transition is an
oxygen vacancy present at grain boundaries. By lithographically defining the size of the
NPs, we constrain the number of grain boundaries in each NP from none to only a few, thus
controlling the relative number of point defects that can be thermally activated in this
heterogeneous nucleation process.3Z Here, in contrast to the recent work of Cao et al
showing the effect of mesoscopic twin boundaries on the MIT in strained VO2 microbeams,
we focus on determining the nature of the initiating point defect by tracking the MIT in VO
NPs that are few orders of magnitude smaller in volume than the microbeams.144 Thus,
interfacial effects within individual VO2 NPs - solely due to grain boundaries and facet
mismatch - can be evaluated from the switching properties of VO; PCM. By tracking the
dipolar plasmonic response of the VO NPs as they metallize near Tc we observe a
systematic decrease in hysteresis width with increasing particle size and number of grain
boundaries (see pairs of arrows in figure 3.3b-d illustrating the definition of this width).
This corresponds to a decreased energy barrier for the phase-transition.

The dipolar character of this plasmon resonance is confirmed by using 3D full-wave
FDTD calculations. Density-functional calculations show that the strain associated with the
larger NPs favors the formation of oxygen vacancies in grain boundaries as the defect
responsible for heterogeneously nucleating the phase transformation.260 These results
have significant implications for the understanding not only of PCM properties at
nanometer length scales, but also of polycrystalline and epitaxial thin films, where
interaction among the various crystallites can have a profound macroscopic effect on the

MIT character.
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3.2 EXPERIMENTS AND DISCUSSION OF RESULTS

3.2.1 Sample Fabrication

We fabricated arrays of nanodisks with varying lateral dimensions on the same ITO-
covered glass substrate by means of: (i) electron beam lithography (EBL: 10 kV
accelerating voltage, 12.5 pA beam current and 95 pC/cm?2 nominal dosage) in a spin-
coated layer of poly(methyl-methacrylate) (PMMA: 200 nm thick), followed by (ii) chemical
removal of the exposed regions; (iii) pulsed-laser deposition (PLD: A = 248 nm, 25 ns pulse
duration, 3.84 mJ/cm? fluence, 10 Hz repetition rate, vanadium metal target and 10 mTorr
of Oz gas) of amorphous, sub-stoichiometric vanadium dioxide (40 nm VOx -1.7 nominal
thickness); (iv) thermal anneal (450°C, Oz gas at 250 mTorr for 20 minutes) to render the
NPs crystalline and stoichiometric. As the VO2 NPs crystallized during the annealing
process, they also acquired some individual variations in morphology261 so as to contain a
single domain or few grains, depending on the restriction imposed on their volume and
shape by the lithographic process. Ordered arrays were used to enhance the signal-to-noise
level while particle-particle interactions were minimized. This was achieved by keeping the
grating period to ratio (L/r) constant and more than a factor of 5 (L/r ~ 6.0 here), which

normalized the scattering cross-section per unit coverage area - proportional to (r/L)? -

and minimized near-field interactions, respectively.262:264 Ag shown from the SEMs in figure
3.2, the largest NPs (r = 105 nm) exhibit multiple grain boundaries within individual NPs
that contain point defects, dislocations and other structural imperfections. For the array
containing the smallest NPs (r = 48 nm) however, the NPs appear to consist mostly of

single grains.
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Figure 3.2. Fabrication and Characterization of Pristine VO: Nanostructures. (a)

Schematic of the fabrication method. (b) Scanning electron micrographs of VO; NPs
depicting integrity of the arrays. Panels (c¢) and (d) show the smallest (r = 48 nm) and
largest (r = 105 nm) nanostructures in this study, respectively. Note not only the individual
NP characteristics arising in the annealing process but also the presence of multiple
grains/boundaries (dark line) in (d) indicated by the arrow. All SEMs were acquired at an
accelerating voltage of 3 kV and working distance of 7 mm for better resolution of surface

morphology.
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3.2.2 Plasmon Resonance Spectroscopy of Pristine VOz NPs

The extinction spectrum of each array was acquired in an inverted optical microscope
(Bruker Hyperion 2000) integrated with a Fourier-transform infrared spectrometer
(Bruker Vertex 70) ($2.2.1) as follows: (i) the 100x100 pm? array of interest was
positioned under white-light uniform illumination from a tungsten lamp, focused by a
reflective objective (36X and NA 0.5) onto the substrate side of the sample; (ii) light
transmitted through the array was selected by an aperture and collected by another
reflective objective (36X and NA 0.5) that was also used to adjust the focus on the sample
surface and detected by a InGaAs photodiode; (iv) the transmission spectrum from an
uncoated area close to the particle array was also collected for normalizing the array
measurement; (v) the sample was then heated using a Peltier cooler mounted on the stage
or allowed to cool, and the measurement sequence was then repeated at the next
temperature plateau where the focus was once again checked. Spectra were acquired at
intervals of about 3°C, yielding about 30 data points per cycle for each array. Figure 3.3

depicts the resulting intrinsic plasmonic hystereses for the arrays.
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Figure 3.3. Localized Surface Plasmon Resonance in VO2 Nanostructures. (a) Typical
plasmonic response of VO; nanostructures as a function of wavelength in their metallic
(red) and insulating (black) state for the r = 105 nm nanoparticle case. For each set of
spectra, plasmonic hysteretic curves of the relative extinction intensities were plotted for
the different nanoparticle arrays with nominal lateral dimension of (b) r = 105 nm (¢) r =
68 nm and (d) r = 48 nm. The fits were obtained by using two sigmoidal functions, red for
the heating sides and black for the cooling ones while pairs of arrows in (b-d) depict

hysteresis widths obtained.
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3.2.3 VO: Intrinsic Plasmonic Hystereses

In the metallic phase, the real part of the VO dielectric function becomes negative around
1.1um.247 According to the Frohlich condition in first approximation,5! the dipolar plasmon
resonance of VOz NPs occurs when Re(evoz2)=2¢€q4, where &4 is the dielectric constant of the
nanoparticle environment. Here the effective g4 is between the dielectric constant of the
substrate (~2.25) and air (~1), which leads to an expected dipolar plasmon mode for the
VO2 NPs between 1.3pm and 1.8um, consistent with the experimentally observed response
of the NPs. Figures 5.3b-d present hysteretic curves at the relative extinction intensity,
defined as 0 = gext((A=resonance) — oext (A=1100 nm) that is the difference between the two
extinction values at the on- and off-resonant wavelength.

It can be seen from figure 3.3b-d that the hysteresis width increases substantially as
the nanoparticle radius decreases. This trend can be explained by the fact that defects and
dislocations around the grain boundaries in bigger NPs act as nucleation sites for this
heterogeneous phase transition, thus reducing the energy requirement as quantified by the
width of the thermal hysteresis (§1.3.2c). In contrast to the work by Donev et al,261
highlighting the stochastic nature of the MIT in VO; through the study of single NPs, this
work aims at understanding the average effect of size and homointerfaces. The effect of
grain orientation (with respect to the substrate) has also been suppressed due to the non-
preferential crystal growth orientation on glass substrate. In such an array configuration,
the NPs domain alignment is randomized, that is their crystal-domains do not all align in
the same direction. This minimizes consequently any strain contribution from the

substrate.
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3.2.4 Simulating the Dipolar Response of VO2 Nanostructures
With the increase of nanostructure radius, the dipolar resonance substantially redshifts as
plotted in figure 3.4c. Indeed, as the VO2 nanostructures have transformed from their
insulating to their metallic state, they behave similarly to metal nanoparticles with a
characteristic plasmon resonance, albeit a strongly damped resonance. Thus, as the
nanoparticles become larger, the retardation effect on the exciting field increases over the
volume of the nanoparticle, leading to a shift in the plasmon resonance. Intuitively, this can
also be understood by realizing that since the distance between the charges at opposite
interfaces of the particle increases with size, a smaller restoring force is required, which
lowers the resonance frequency and hence accounts for the observed redshift>1 (§1.2.2b).
In order to gain deeper understanding of the measured wavelength dependence of
the dipolar plasmon resonance on the particle shape, FDTD simulations were carried out
using Lumerical FDTD Solutions® (§1.2.2c). The FDTD calculations simulated a single VO
nanostructure (x, y, z = 0 nm) of varying radial dimensions with periodic boundary
conditions and grid meshing size of 2 nm. While one monitor was placed above the
nanostructure at z = 100 nm to record transmission of the white-light pulse (x polarized),
another monitor (z = 10 nm) was used to record the spatial near-field enhancements. Since
the three-dimensional morphology of the nanoparticle cannot be exactly determined, two
independent sets of simulations were carried out to correlate the shape effect with the
nanostructure plasmonic response. While the first set of simulations calculated the
response of hemispherical nanoparticle, the second set simulated nanodisks. The thickness

of both structures was set at 32 nm, the average value found by atomic force microscopy, as
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shown in figure 3.4. The simulated spectra of figure 3.5a clearly reproduce the heavily
damped dipole response of metallic VO2 nanostructures (red curves) in the near IR region.
As the nanoparticle size increases (from 96 nm to 210 nm in diameter), we observe the
characteristic redshift with the increased size of the NPs. Moreover, the simulation matches
well with Lopez et al. experiments,111 with greater scattering amplitude in the visible for
the nanoparticle in an insulating state (only shown here for the 96 nm insulating VO, NP -
blue curve). As their plasmonic dipolar resonances - confirmed by the field plots in figure
3.5b - are plotted for the two sets of simulations in figure 3.5c, we find that the simulated
hemispheroidal NPs better fit the experimental results for smaller NPs. However, as NP size
increases, the discoidal simulations agree better with experiments. This suggests that
annealing tends to round off the smaller NPs but retain the original disk-like shape for
bigger NPs, possibly due to the variation in wetting behavior for the larger-area nanodisks.
Again, such morphological changes due to annealing are also visible in the high-resolution

atomic force micrographs of figure 3.4.
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Figure 3.4. High-Resolution Atomic Force Microscopy of Single VO: Nanostructures.
Atomic force micrographs for NSs with diameters of (a) 96 nm and (b) 210 nm. Height
profiles depicting that for the smaller NSs, the annealing process rendered the
nanoparticles hemispheroidal in shape, while the larger NPs show discoidal features. Note
the dip in profile 5 for figure (b), which agrees with the scanning electron micrographs of

figure 3.1(d), that is the formation of a homointerface.
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Figure 3.5. Electromagnetic response of VO2 nanostructures from FDTD simulations.
(a) Extinction spectra of VO2 hemispheres in their metallic (red) and insulating (96 nm
only shown, blue) states. (b) Nanoscale spatial distribution of electromagnetic fields at
wavelengths of 410 nm and 1550 nm for the metallic VO2 NPs depicting the two resonance
modes of the system. (c) Plasmon resonance wavelength as a function of particle diameter
for the two sets of simulations (hemispheroid and discoidal structures). Experimental
measurements are superimposed in red. The VO dielectric constants were extracted from

reference 24,
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3.2.5 Effect of interface on the electronic and structural hysteretic signatures
In order to gain insight about size and interface effects on switching, we plot in figure 3.6
the hysteresis widths - corresponding to the energy requirement - of the electronic
(circles) and structural (squares) phase transitions as a function of the VO volume for
nanoparticles and thin-film samples grown using the same pulsed-laser deposition
protocol.133 First, one can clearly see that the structural signature always has a larger
hysteresis width than its electronic counterpart, both in pristine (green, black and red) and
gold-interfaced (yellow) VO systems. Since the phenomenon occurs even at the single
domain level, one might attribute this non-congruence to the intrinsic structure of the VO,
and therefore not due to any dimensional effect. From a thermodynamic perspective, such
a discrepancy also makes sense, because an atomic rearrangement should have a higher
energy cost than a change in electronic structure. Also, since the mechanism represents a
combination of the electronic-correlation (Mott-Hubbard) together with a structural
(Peierls) contribution, this difference in energy expenditure corresponds potentially to the
two correlation lengths of the phase transformation.265

Furthermore, an interfacial effect is clearly apparent in figure 3.6. In the single
domain regime, for example, a gold heterointerface (Au/V02) has the effect of reducing the
hysteresis width by about 25 K and 18 K for the structural and electronic transitions
respectively. A similar interface effect is apparent in the multi-domain regime as well,
where the homointerface (VO2-VO2 grain boundary) narrows the hysteresis width by about
22 K. We can deduce therefore that the formation of a single grain boundary is sufficient to

lower the energy required to effect the transition, due to an increase of point defects that

109



can act as nucleation sites. The discrepancy in hysteresis widths between the smaller,
single-domain NPs studied by Lopez et al. and the present experiment suggest that strain
also increases with volume by creating additional point defects. This idea will be discussed
later in conjunction with the density-functional calculations.

Another key feature of figure 3.6 is the rate of change of hysteresis width as a
function of nanoparticle volume. The slope of this function for the electronic signature of
the transition parallels its structural counterpart in both the single and multi-domain
regimes. The significance of this result is twofold; first, it suggests the direct relationship
between the number of intrinsic nucleation sites and the energy switching requirement for
the NP, in a given size range. Second, the fact that the slope in the multi-domain regime is
less steep than in the single-domain range suggests that the effect of grain boundaries is to
create an enhanced defect concentration in the NP. This decrease in slope for multi-domain
NPs implies once again that the first grain boundary to be formed dominates the nucleation

process.
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Figure 3.6. Hysteresis widths as a function of VO: volume for three distinct regions:
single-domain, multi-domain NPs and film, separated by bold, vertical dotted lines.
Circles represent data collected from measurements of the electronic transition (extinction
or scattering) while square data were from measurements of the structural transition

(Raman or XRD). In the single and multiple-domain nanoparticle regimes, data points were

261 255

extracted from ref. ?? (circles, red border, black fill),?** (square, green fill, black border),

(squares, yellow fill, black border) and ¥ (circles, yellow fill, black border). In the film

f@

region (green and red fill) data were extracted from re while the yellow-filled square

and circle were obtained from refs. #* and %% respectively. The lines serve as guides to the

eyes.

3.2.6 Density Functional Calculations: Exploring the Origins of the Phase Transition
To further substantiate this model of the interfacial effect, we explored the role of oxygen

vacancies in nucleating the observed phase transformation by performing first-principles
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density-functional calculations on the formation energy of these point defects at grain
boundaries. This work was done by Dr. B. Wang and Prof. S. T. Pantelides at Vanderbilt
University.

It has been shown previously that grain boundaries in polycrystalline materials

induce local strains,267-269 which have a drastic effect on the formation of point defects in
metal oxides.270 Similar effects are expected in VOz. To simulate the strain induced by the
grain boundaries, the bulk VO was stretched in two dimensions, as in the work of Klie et
al 270 First-principles calculations were performed using the VASP package.2Zl The PBE-
GGA exchange-correlation potential2Z2 was used and electron-core interactions were
treated in projector augmented wave (PAW) formalism.273274 A rotationally invariant
DFT+U approach2Zs was applied, and the effective parameters, U and ], to include the
Hubbard on-site Coulomb repulsion, were specified as 4 eV and 0.68 eV, respectively.2Z6
The formation energy of an oxygen vacancy was calculated in oxygen-rich
conditions. To calculate the vacancy formation at a surface, we chose the (011) surface and
used a 2x2 lateral periodicity. The thickness of the slab was 1.6 nm, corresponding to five
0-V202-0 trilayers. To simulate the vacancy in VO2 bulk, a cell containing 27 unit cells was
used. Only the I' point was used to sample the Brillouin zone. The formation energy of an
oxygen vacancy was calculated as Evac = Edefected + %2E02 = Epristine, Where Epristine and Egefected
are the total energy of pristine and defective VO3, respectively, and Eo; is the binding
energy of 0z. The lattice parameters optimized in this calculation were a = 5.646 A (5.743
A), b =4553A (4517 A) and c = 5.390 A (5.375 A) with a = 122.1° (122.6°), in agreement

with the experimental data of monoclinic VO2 shown in parentheses.
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The surface energy was calculated as Esurf= % (Etotar = N Epuik), where Etorar is the total
energy of the slab consisting of n bulk unit cells and two surfaces, and Epuik is the total
energy of unit cell VO;. The slab thickness for the calculation of (011) surface was 3 nm,
corresponding to nine 0-V202-0 trilayers. For other surfaces, e.g. (001), (100), (010), the
thickness was set to ~ 4 nm. The cutoff energy was set to 400 eV and the Brillouin zone was
sampled with a k-point (2x3) for the (011) surface. The k-points for other surfaces were
adopted accordingly. During the optimization, all the atoms were relaxed until self-
consistent forces reached 0.02 eV/A.

As shown in figure 3.7, the formation energy of an oxygen vacancy in VO3 bulk is 3.4
eV. By stretching the bulk crystal along the [100] and the [010] directions by 5%, we found
a drop of 0.5 eV indicating that strain induced by the grain boundaries indeed facilitates the
formation of oxygen-vacancy defects. For grain boundaries at surfaces, the formation
energy of a surface oxygen vacancy on the (011) surface - the most stable surface of VO; as
shown by the surface energy calculations - is 1.6 eV. In the presence of 5% tensile strain,
the formation energy decreases to 1.3 eV. Therefore, due to the strain-reduced formation
energy, one expects that in the multi-domain NPs more defects occur at the grain
boundaries. The correlation between the increased defect concentration suggested by the
calculations and the lower switching energy required in multi-domain NPs found
experimentally suggests that vacancies may serve as the nucleation sites for this
heterogeneous first order phase transition,3Z27Z and consequently, provides an explanation

for the reduced hysteresis width in multi-domain NPs.
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In principle, delocalization of the strain field over the entire nanoparticle could
potentially modify the character of the phase-transition. However, this possibility is
excluded because strain fields around grain boundaries are short-ranged and localized,
decreasing exponentially with distance from the boundary. The range of a grain-boundary
strain-field can be estimated from the spacing (D) of the dislocations in the grain
boundary,278 by dividing the Burgers vector by the grain-boundary angle in radians.2Z2 For
example, the Burger’s vector for the (011) surface is about one unit cell length, that is about
5 A. Therefore, for a small-angle grain boundary of 10 degrees, D is about 3 nm. For a large-
angle grain boundary of about 60°, found by Yang et al using transmission electron
microscopy, we can estimate that the decay length for the strain field should be even
smaller, of a few Angstroms only.256 This agrees nicely with the experimental findings of
about 2 nm for YBazCu3z07 as well. 278 Consequently, this phase-transition is driven mainly

by the accumulation of point defects at grain boundaries.

114



wy  (@(100) (b) 001) () (010) o) (d) (011)

1 [0o1] + [010] T , (101 4[100]
; |/ - g -
1—»’ {010] Y, [100] - > [110] O,

SURFACE ENERGIES

E = 0.37 J/m’

E=0.93J/m" E = 0.88 J/n? E = 0.47 J/In

- (e) VO,-Air Interface (f) VO,-VO, Interface
° 5% 5% 10 % 5% 5% 10 %
G compressive| pristine stretch stretch compressive| pristine stretch stretch
; bulk
e} =" N
= 346V 34ev N\,
g (011) 29eV
S | Teev | teev
o« oe 16e 1.3eV >
o] 1.2eV
[
strain strain

Figure 3.7. First-principles density-functional calculations of the formation energy of
oxygen vacancies. First-principles calculations of surface energies of (a) (100) (b) (001)
(c) (010) and (d) (011) surfaces of VO,. The (011) surface with the lowest surface energy
was the most stable and was used to calculate the formation energy of oxygen vacancies.

Courtesy of Dr. Bin Wang.

3.4 CONCLUSION

Since its discovery in 2001 (§1.3.2c), few experiments have attempted to identify the
mechanism of the size-dependent switching. As shown in this chapter, the interpretation of
the nanoscale VO response - in particular distinguishing the electronic and structural
transitions - has been blurred by the presence of homointerfaces or heterointerfaces
(Au/V0Oz) as these previous experiments precluded detailed understanding of the

mechanism or understanding of the specific point defect.
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Taken all together, these new experimental and theoretical results make a strong
case that the oxygen-vacancy defect triggers for the heterogeneous nucleation of the phase
transition at the nanoscale. The case rests on three pillars: first, the lithographic
fabrication of VO2 nanoparticles that cover a range of sizes to contain single or multi-
domain grain; second, the plasmon resonance nanospectroscopy which, combined with full
electromagnetic field simulations shows how shape and size affect the dipolar plasmon
resonance of the intrinsic VO2 nanoparticle; and third, density-functional calculations show
how mismatched or strained VO at grain boundaries modifies the phase transition by
reducing the energy required to form the oxygen-vacancy defects.

The implications of these results are twofold. First, since VO was used here only as
a prototypical insulator-to-metal transition, these point defects may suggest a new method
for tailoring any general first-order phase transition by preferential nucleation at certain
locations.282 Second, one could also envision an ensemble of NPs of different sizes within
one single device but whose properties could be driven individually and selectively,
depending on an engineered interface or defect content. This opens the door for domain
boundary engineering, which could be crucial for the development of nanoscale devices

activated by phase transitions.
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CHAPTER 4

PLASMONIC COUPLING GAME

“In a few years, all great physical constants will have been approximately estimated,
and the only occupation which will be left to men of science will be to carry
these measurements to another place of decimals.'

~ James C. Maxwell

4.1 INTRODUCTION

As described in Chapter 1, various methods have been designed to control the flow of light
on subwavelength dimensions281:286. Most notably is the seminal work carried out by the
Atwater Research Group28Z demonstrating that optical pulse propagation with a lateral
mode confinement was possible via inter-nanostructure near-field coupling. Recently,
progress in colloidal chemistry has also shown that such coupled EM energy could travel
with similar propagation distances along quasi-self-assembled metallic chain via plasmonic

dark-mode coupling28¢. These two design paradigms are illustrated in figure 4.1.
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Figure 4.1. Optical Pulse Propagation Schemes Below the Diffraction Limit. (a)
Lithographically prepared nanodisks and (b) nanoparticle chains that have chemically
fabricated. In the latter, the interparticle distances are small enough to allow subradiant
plamon modes to exist. Although more difficult to couple with light, such modes retain the

energy due to reduction in loss, allowing for greater propagation lengths. Adapted from 283

and 286,

Here we focus our attention on understanding how modularity could be
provided/integrated by studying the unit cell of plasmonic waveguides that were first
presented by Maier et al?83. This is because it provides a controlled testbed for
understanding how reconfigurability can be achieved. The studies presented here will

hopefully provide insights not only on the modulation capabilities of single hybrid
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nanostructures but also on the difficulties and challenges related to the fabrication process.
As emphasized in Chapter 2 and Chapter 3, great care should be taken to fabricate such
hybrid nanostructures due to intrinsic size and interfacial effects that may respectively

arise at the nanoscale.

4.2 STACKED HYBRID GOLD/VO2 NANOSTRUCTURES

We investigate here the viability of fabricating and optically modulating hybrid sandwiched
nanostructures, which are stacked nanodisks consisting of either Au or phase-changing
VO2. Although more difficult to fabricate, such hybrid nanostructures potentially offer
several advantages over the Au nanoparticle/phase-change active substrate (figure 4.2).
Such hybrid stacked nanostructures reduce drastically the absorption caused by the VO;
film (less absorptive film in the light pathway) while still retaining the modulation
capability of this active material. Moreover, if realizable, varying the size of such hybrid
nanostructures would result in thermally tunable plasmonic nanomodulator dictated by

the size-dependent switching property of VO2 (§ Chapter 3).
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Figure 4.2. Plasmonic-NS/PC-film vs. Plasmonic-NS/PC-NS Geometry. (a) SEM
micrographs of 20 nm thick Au nanodisks array on ~ 60 nm thin film of VO; and (b) 20 nm
thick Au on ~ 40 nm thick VO; nanodisk array on ITO-covered glass substrate. The hybrid
nanostructures in (b) acquire individual character due to the annealing process after liftoff.
The roughness of the ITO substrate (few nanometers) is visible in (b) while the granular

structure of the VO film is seen in (a).
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Figure 4.3. Simulated Optical Response of Hybrid Plasmonic/VO: Nanostructures.
Plasmon resonant wavelength for (a) VO2/Au (b) Au/VO: and (c) VO2/Au/VO:
(sandwiched) nanostructures as a function of nanodisk diameter when the VO is insulating
(grey) and metallic (black). (d) Spectral shift for the varying nanostructures under study as
a function nanodisk diameter. Simulations were performed in close collaboration with Dr.

Lei at Imperial College.

First, we examine three different hybrid geometries - Au/VO2, VO2/Au and
VO2/Au/V0O; - on glass substrate using FDTD simulations. While the height of the
nanostructures are kept constant (30 nm for Au and VO2 nanodisks), the lateral dimensions

are systematically varied, as shown in figure 4.3. Here, as expected, the sandwiched
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nanostructures exhibit the greatest modulation. Intuitively, this can be understood by the
fact that the larger the VO2 volume (or switching material in contact with the oscillating
electron gas of the plasmonic nanodisk), the larger the spectral shift. In this particular
geometry, a maximum modulation of ~ 232 nm is observed. Moreover, we also note that
the Au/VO: nanostructure shows a higher modulation contrast than its VO:/Au
counterpart as the Au nanodisk experiences a greater effective dielectric shift in its
environment due to a greater contact with a lower dielectric medium (air in this case).

In order to investigate the feasibility of creating such hybrid nanostructures, we
experimentally demonstrate the fabrication of the former nanostructure, that is the Au/VO
stacked nanodisks (figure 4.4). Briefly, such hybrid Au/VO2 nanostructures are fabricated
in 100 x 100 um?2 arrays with a grating constant of 1 um on ITO-coated glass substrates by
following standard electron-beam lithography process and thin film depositions (VOx
followed by Au or vice-versa). A PMMA layer of 180 nm thick was spin-coated on the
substrate and subsequently patterned with an electron-beam of 10 KeV accelerating
voltage and ~ 11 pA beam current. The exposed areas were removed by the chemical
developer MIBK/IPA (3:1 ratio) and the sample was then coated with a 40 nm VO film by
pulsed laser deposition of VOx and a 20 nm Au film by electron-beam evaporation. A
chemical lift-off process of removing PMMA, VOx and Au nanostructures resulted in single
hybrid Au/VO: nanoparticles on the substrate. A further thermal annealing process at

450°C for about 20 minutes created stoichiometric and crystalline VO2 nanodisks.
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Figure 4.4. Fabrication of Au/VO: Hybrid Stacked Nanostructures. Fabrication of
hybrid nanostructures by standard electron beam lithography. Step 4 and 5 can be
interchanged to provide VO2/Au nanostructures while an additional VOx deposition can be
performed to provide the sandwiched nanostructures. Following liftoff, the sample is
annealed at 450°C for 20 minutes to render the PC-VO2 crystalline, stoichiometric and

switching.

As shown in figure 4.5, we see the typical blue shift in the plasmonic resonance of
the gold nanodisk as the underlying VO2 nanodisk switches from its insulating to metallic
state. We note however the considerable discrepancy between the observed experimental
spectral shift (figure 4.5d) and the simulated ones (figure 4.3d) for the smaller nanodisk
structures. This is potentially due to two things. First, the Au nanodisk on top could be
mixing with the underneath VO; nanodisk during the annealing process and hence either
lessen the VO2 modulating capabilities due to damage or nanoparticulates of Au could be
formed and get incorporated into the VO;. These Au nanoparticles could potentially
statically doped the VO2 nanodisk, switching already portion of the V02240, Thus, this effect
could potentially be more visible for the smaller nanodisks. Second and perhaps more
difficult to solve is the fact that the underneath VO; may not be entirely stoichiometric. This

could be due to a size-dependence in the annealing parameters. That is each nanoparticle
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size would require a slightly different annealing conditions to be completely crystalline,
stoichiometric and therefore switching.

In the light of this analysis, further optimization is required to achieve maximum
modulation for smaller nanostructures. Moreover, other fabrication techniques can be
implemented such as focused ion beam milling (i.e. VO film deposition + annealing — gold
film deposition — milling of the desired nanostructure)2354, Also, with the novel electron-
beam evaporation technique for VO: fabrication (§ Appendix A), a perhaps lower
temperature and shorter duration for the annealing could be envisioned, thus reducing the
potential effect of the gold doping or intermixing. Nevertheless, our results are very
promising as we do experimentally achieve high modulation in hybrid nanostructures (~
85 nm in spectral shift) for larger nanodisk structures and this agrees very well with FDTD

simulations.
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Figure 4.5. Characterization of Au/VO: Nanostructures. (a) SEM of hybrid
nanostructures before annealed (after liftoff) and (b) after the annealing process. We note
that there is a considerable decrease in the size of the nanostructures after the annealing
process (235 - 148 nm; 196 —» 122 nm; 154 — 103 nm; 108 - 79 nm). The grating constant
is 1000 nm. (c) Spectral response of Au/VO2 nanostructures for two NS sizes (d = 103 nm
and d= 148 nm) in the hot and cold state, i.e. when the VO NS is metallic (red) and when
the VO NS is insulating (blue), respectively. Note the blue-shift in plasmonic resonance, as
previously observed for the single Au colloid on VO3 thin film as well. (d) Summary of the

spectral shift as a function of nanostructure diameter (size after annealed).
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4.3 METAMATERIAL SPLIT-RING RESONATORS: DEMONSTRATION OF
TEMPERATURE-DEPENDENT, WAVELENGTH-SPECIFIC MODULATION

This section discusses designing plasmonic structures that exhibit anisotropic electronic
oscillation in multi-mode resonance nanostructures and that can be optimize to interrogate
nanoscale volumes of phase-changing material by spatial discrimination. In the present
case, we demonstrate this principle by utilizing the size dependence of the solid-solid
phase transformation in discrete nanoscale volumes of VO combined with complex
electron oscillation patterns in split-ring resonators. By monitoring the in-coupling
plasmonic mode while thermally cycling through the insulator-to-metal transition, we
show that plasmonic hysteresis width broadens with reduced interrogation volume. This is
due to the decrease in the gap distance between the arms of the SRR, thus underlying the
VO; switching mechanism that is dictated by the number of potent nucleation sites present
in the domains (§3.4)).

This study provides the foundation for understanding hybrid plasmonic
nanocomponents that could be one of the most promising approaches to nanophotonic
technology based on signal modulation in confined nanoscale volumes.221 Furthermore,
consideration of phase transforming materials to be used for modulation should not only
focus on composition, but close attention should also be paid to the question of size
dependence in determining stable phases. This is because size plays a crucial role in
determining the coupling with mechanical, optical, or thermal input required to effect the
phase transformation.288-290 As the domain size decreases to the nanoscale regime,

interfacial boundary and strain can further affect the hysteretic behavior of the
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transition172291 as highlighted in Chapter 3. Since hysteretic phenomena are of great
importance from both technological (optical-memory-type applications and detectors) and
basic research (mechanism of phase-transformation) perspectives, more attention should
be devoted to such studies.222 Also, with rapid progress in nanofabrication techniques,
these size-dependent properties become relevant and systematic studies to assess both the
role of nucleation in forming a new state and of the nanoscale dynamical effects are needed
to achieve effective modulation, relying on the intrinsic switching mechanistic details of the

PCM that is being integrated into the devices.

4.3.1 Fabrication of Split-Ring-Resonators

We fabricate arrays of SRRs with varying gap size on the same 0.5 mm thick glass substrate
by means of: (i) electron beam lithography (EBL: 10 kV accelerating voltage, 52 pA beam
current and nominal dosage of 95 puC/cm?) in a spin-coated layer of poly(methyl
methacrylate) (PMMA) 100 nm thick layer followed by chemical removal of the exposed
regions; (ii) electron-beam evaporation of gold (Au, 21 nm thick) followed by chemical lift-
off of the remaining PMMA, together with the Au overlayer. Figure 4.6 depicts the
fabrication process, resulting in individual SRR unit cells having gaps of ~ 30, 50, and 80
nm and which constitute the nanosensor arrays. The lattice parameter for the arrays was
kept at a constant value of 450 nm. Exact structural details of the sample used for this

experiment is shown in figure 4.7.
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Figure 4.6. Electron-Beam Lithography of Au Split-Ring Resonators. (a) Fabrication

protocol for Au SRRs followed by VO3 thin film fabrication. SEMs of two metamaterials SRR

arrays with varying gap dimensions, namely 77 nm (b) and 32 nm(c).
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Figure 4.7. Exact Structural Details of the Au Metamaterial Nanosensors. (a)
Schematic of the split-ring metamaterials with varying nominal gap sizes of 80, 50, and 30
nm. (b-d) SEM showing individual split-ring resonator unit cell which constitutes the three
array sensors used in this study. The exact structural parameters are also depicted in the

figures.

4.3.2 Optical Characterization of Split-Ring Resonators

Extinction measurements of each array were acquired as follows: (i) the sample was
positioned using micrometer drives to bring the 100 x 100 pm array of interest under
white light illumination (90 um spot size and always polarized parallel to the gap for the

purpose of these experiments) while concurrently being imaged onto a CCD camera in the
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x-y plane; (ii) the focus (z-plane) was then visually adjusted by displacing the microscope
objective; (iii) extinction at room temperature was then measured (integration time of 10
ms and average of 100). Figure 4.8 shows the measurement for the three different arrays
with spectra shifted upward for clarity. The spectra for each array exhibit two plasmon
resonances. The spectral feature arbitrarily labeled “Peak 1” is the significant one for this
study and is attributed to the coupling of the two arms of the SRR, as shown in the
simulation section. The red shift of this peak in these three samples is due to decreased
inter-arm distance which facilitates coupling and lowers the interaction energy. “Peak 2,”
on the other hand, is due to the entire structure and, like the lower-order peak near 1500
nm previously thought to be the magnetic dipole resonance, has been extensively
studied223294, Most studies on SRRs have focused on the fundamental electric (~950 nm)
and magnetic dipole (~1500 nm) modes associated with the entire structure.12250293-295 [
contrast, we examine here only the higher plasmonic modes associated with Mie
resonances of the SRRs in view of their potential as selective sensors.22¢ By systematically
varying gap size, as defined by the arms of the SRRs (spectral features in the visible-near-IR
region), we use the in-arm coupling resonance to monitor the metal-insulator transition in

VOa.
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Figure 4.8. Optical Characterization of Gold Metamaterial Nanosensors. (a) Sketch of
experimental setup used for investigating LSPR of the arrays of metamaterials with light
polarized parallel to the gaps. (b) Extinction spectra for the 80 nm gap-SR (black), 50 nm
(red), and 30 nm (orange). The insets depict the scanning electron micrograph of the
respective split-ring structures. As discussed in the text, “Peak 1” is associated with
coupling of the arms while “Peak 2” is attributed to a resonance of the entire metamaterial

structure.
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4.3.3 Simulating the Optical Response of SRR Metamaterials

To gain insight into the physical origin of the two resonances and their respective near-
field distribution, FDTD simulations were carried out using Lumerical Solutions (§1.2.2c¢).
As input for the structural parameters, SEMs of each SRR were used to determine the in-
plane shape, while the thickness of the NPs was set to 21 nm. The FDTD calculation
simulates a single SRR with periodic boundary conditions (unit cell 450 x 450 x 800 nm3)
and grid meshing size of 1 nm3. While one monitor was placed above the SRR (z = 100 nm)
to record transmission of the white-light pulse (x polarized), five other monitors were
placed along the sagittal (x = 120 nm), coronal (y = base, center and along gap), and
transverse (z = 12 nm) to record the spatial near-field enhancements. The simulated
extinction spectra matched well with experimental ones, and for each identified peak, near-
field distributions were plotted at the two resonant wavelengths. Figure 4.9 compares (i)
SRRs having gap of 80 and 30 nm and (ii) spatial near-field distribution at the two
resonances. For “Peak 1”, the field is strongly localized between the two arms and
strengthens as the distance between them is reduced. In the case of “Peak 2”, the resonance
is due to the entire structure with the region around its base having the strongest intensity.
We note also that although the field penetrates into the substrate, the field within the gap
for “Peak 1” appears well localized within the cavity of each structure, suggesting already

its potential for selective interrogation of the material enclosed within the gap.
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Figure 4.9. Near-field Distributions of Split-Ring Resonator Metamaterials. The top
two figures represent near-field distribution for a single SRR with gap of 80 nm at the two
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resonances (Peaks 1 and 2). Resonant peaks were identified by performing full field 3D
FDTD with SEM images of the SRR as input for the structural parameters of the structure.
The lower two plots show the electromagnetic distribution of the SRR with 30 nm gap. YZ-
planes were added to strengthen the idea of strong confinement in the gap for the higher
plasmonic modes (Peak 1). The bold (dotted) white lines represent the substrate/structure
interface. Also, for ease of assessment, all near-fields plots were arbitrarily scaled to a

maximum value of 100 with respect to the incident incoming plane wave.

4.3.4. Hybrid Au SRR/VO: Film Nanostructures: Temperature-Controlled,
Wavelength-Specific Plasmonic Modulation

Following extinction measurements on the bare Au SRR arrays, VO2 was deposited on the
sample by means of: pulsed-laser deposition (PLD: A = 248 nm, vanadium metal target, 02
gas at 10 mTorr) of amorphous, sub-stoichiometric vanadium dioxide (VOx = 1.7, 50 nm
thick); a thermal anneal (450°C, Oz gas at 250 mTorr) rendered the film crystalline and
stoichiometric V0,153 Extinction measurements of the SRR/V02; nanocomposites using the
same protocol as described above were performed as follows (§4.3.2): (i) at a stabilized
temperature during the heating or cooling stage, the array was moved away from the
illumination spot and a flat-field spectrum of the VO film was taken; (ii) the array was then
brought back under illumination without alteration to the focus, and an average spectrum
(integration time of 10 ms and average of 100 spectra) was recorded; (iii) the sample was
then heated or allowed to cool using a Peltier cooler mounted on the stage, and the
measurement sequence was then repeated at the next temperature point. To clearly
demonstrate the size dependence of the plasmonic hysteresis widths, spectra were

acquired at intervals of about 2¢. This procedure yielded about 40 data points per cycle for
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each array. For each spectrum (and each array), the resonance position of “Peak 1” was
identified and plotted as a function of the stabilized temperature at which that particular
spectrum was taken. Figure 4.10 depicts the resulting plasmonic hystereses for the arrays
studied. As the temperature was increased, the resonance blue-shifted (red curve), and
when the sample was allowed to cool, the peak returned to its original position (blue
curve). This phenomenon is well understood and is extensively discussed in reference22?
and in Chapter 3 (§ 3). Briefly, it is due to a considerable decrease in the real part of the
permittivity of the VO2 when it switches to its metallic state. As shown in Figure 4.7, the
SRR arrays differ only in their interior dimensions and therefore in the volume of VO3 that

is contained within the gap after deposition.
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Figure 4.10. Plasmonic Hystereses Depicting Nanoscale Size Effects of VO2. Hysteresis
plots acquired by monitoring the peak plasmon resonance of the higher plasmonic mode of
the SRRs as a function of controlled stepwise temperature interval (~ 2°C). The fit was
obtained by using two sigmoidal functions, and each data point has an estimated error of ~
2 nm. The table shows the various parameters T, (critical temperature), 4H (width of
hysteresis), and AT (sharpness of transition) which are used to define semi-quantitatively

the hysteresis curves.221

In order to emphasize this point further, we have fabricated a similar nanosensor
sample, but deposited only about 25 nm of VO;. Figures 4.11-13 display high resolution
AFM and SEM of that sample before and after the VO, deposition. Thus, by using Peak 1 as a
plasmonic fingerprinting, we see that as the interrogation volume of VO: is decreased, the
hysteresis width increases. Following Lopez et al, this effect can be attributed to the fact
that as the volume is decreased, the number of intrinsic nucleation sites necessary for
switching the VO is also reduced and this lowers the probability for phase transformation.

This accounts for the widening of the hysteresis curves228299, The sharpness (4T) of the
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transition, which is related to the overall defect content per unit volume, also decreases
with a decrease in interrogated volume, consistent with the picture of Narayan et al.221
Moreover, from the hysteresis plots, we see that there is no visible shift in T. despite the
incorporation of Au into the system. We attribute this to the fact that the gold SRRs occupy
less than 11% by volume of the VOz-covered array. Thus, electron injection into the system
would have a negligible effect on T..3% Furthermore, the fact that T¢ is not shifted to lower
temperatures also suggests that strain plays an insignificant role in the thermal

hysteresis.261.291
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Figure 4.11. High-Resolution Atomic Force Micrographs of SRRs Before VO:
Deposition. AFM of the (a) 80 nm and (b) 30 nm gap SRR arrays before deposition. The
insets show the height profiles for the base (line # 1) and for the arms (line #2 and #3). The
average step height is about 18 nm. The height profile graphs along with the 3D rendering

depict the volume which will be interrogated after the deposition of VOo.
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Figure 4.12. High-Resolution Atomic Force Micrographs of SRRs After VO:
Deposition. AFM of the (a) 80 nm and (b) 30 nm gap SRRs arrays after deposition. The
insets show the height profiles for the base (line # 1) and for the arms (line #2 and #3). The
height profiles from both (a) and (b) show clearly filling of the gaps with the PCM.
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Figure 4.13. SEM of SRRs After VO; Deposition. SEM of the (a) 80 nm and (b) 30 nm gap

SRRs arrays after deposition. The insets show not only the presence of VO; but also the
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presence of multiple grains found within the 80 nm gap. In the 30 nm gap, SEM reveals the

presence of single grains in the metamaterials nanosensors.

In addition, the pulsed laser deposition technique creates VO: films that are
polycrystalline, and therefore the nanocrystals present within the gaps have a random
crystallographic orientation. Thus, for the approximately 50,000 SRRs contained in each
nanosensor array, the effect of strain along the sensitive rutile ¢ axis for the phase
transformation of VO; has been averaged out.172173 Qwing to this averaging effect, no sharp
transition is expected because the array comprising the SRR nanosensors is recording the
statistically varying state of the nanocrystals being probed between the gaps in all 50,000
SRRs. Hence, given the inherently lower dynamic range associated with transmission
measurement, avalanche phenomena have not been detected.3! Furthermore, no effects of
either electric field localization or morphology are observable; if these effects had been
present, this would instead have resulted in a decrease of hysteresis width as the gap is
decreased.261302 Moreover, in present case, both the volume to surface area ratio and the
geometry for all three systems are very similar. From the work Donev et al. actually, we see
that for a more strained object the hysteresis width would actually have been smaller.
Here, we see that for gaps of 30 nm, the hysteresis is wider, implying a size effect instead.
Also, thermal expansion of VO2 and Au leading to strain should be considered. However,
from an estimate of such expansion, we see that the differential change is only about
0.003% for the VO2 and 0.07% for Au (assuming VO2 and Au linear thermal expansion
coefficients to be 5.70 x 10¢/°C and 14 x 10-¢/°C respectively and a 50°C change in

temperature). Thus, when compared between the 80, 50 and 30 nm gap SRRs, this effect is
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negligible and size is the dominant effect. Consequently, the results thus obtained can be

attributed solely to a size-dependent property of the VO enclosed between the arms.

4.3.4 Brief Digression: Selective Electronic and/or Structural Measurement of
Strongly Correlated Material at the Nanoscale?

Although not the focus of this section, it is interesting to consider that the SRR
metamaterials presented here could potentially be used to selectively and simultaneously
probe the electronic and structural component of nanoscale strongly correlated material by
spatially discriminating the region of interrogation. For example, concurrent extinction and
resonant-Raman measurement could simultaneously interrogate nanoscale volumes of
material; such deep subwavelength experiment would not have been feasible otherwise.
Although the properties of the phase-change could be obscured by the presence of
interfacial effect (Au for e.g.), this technique could provide a complementary method to
recording the dual response (electronic vs. structural in this case) of a system.

As shown in figure 4.14, such electronic and structural response can be compared,
albeit the fact that in this particular case the measurements were not taken simultaneously.
Here hysteresis widths as a function of the calculated volume of VO2 bounded by the SRR
arms is plotted (red) and the measured hysteresis widths as seen here lie considerably
below those of the pristine VO2 nanodisks recorded in the scattering experiment by Lopez
et al.262 Since our experimental geometry is closer to the SERS experiment, the conjecture
of Donev et al. that Au/VO; interface creates additional extrinsic nucleation sites can

potentially be validated.25> Thus, Au SRRs in contact with the VO nanocrystals would have
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therefore lowered the threshold for switching; consequently this would have resulted in a
systematic decrease of the hysteretic widths in both Au/VO; experiments when compared
to those of the pristine VO2 nanodisks. Therefore, we see that such nanosensor template
can provide a semi-quantitative way to relate all three measurements by comparing the
relative slope of each experiment to determine if there is any correlation between the IMT
and the SPT. Accordingly, in the region of single domains (i.e. for volumes of VO, smaller
than 1.5 x 105 nm3), the slopes of all three measurements are almost identical, implying
that both the electronic and structural transitions exhibit similar size dependence. The
hysteresis widths decrease linearly as the number of potent sites available for nucleation
increases. Also, figure 4.14 shows that the slope in the SPT hystereses (SERS data, gray
line) seems to level off, asymptotically reaching a width of 10-15°C as observed in
polycrystalline films. This might imply that in the case of the thin film limit (i.e. for large
VO2 volumes), SPT hystereses can be expected to be wider than those produced by the IMT.

Thus, as demonstrated, one can identify readily the discrepancy between the two
responses (structural-grey and electronic-red data point) and the effect of a gold interface
on the electronic one (red and yellow). This quantitative measurement of size-dependent
switching in VO2 below single-domain size suggests a number of extensions of this method:
for example using specific plasmonic modes and structures to probe discrete volumes of

other phase change materials.
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Figure 4.14. Size-Dependent Hystereses. Plot comparing results of hysteresis widths vs.
VO: volume under investigation obtained from various experimental techniques. Donev et
al. probed size effect structural phase transition using SERS of Au/VO2 nanodisks while
Lopez et al. probed the light-scattering properties of arrays of pristine VOz nanodisks. In
this work (red circles), size-effect detection was efficiently achieved by monitoring
incremental shifts in the plasmonic response of SRRs/VO2 nanocomposite metamaterial as
the sample is thermally driven to transition. The shaded region represents the approximate

volume of a single domain nanocrystal.

4.3.5 Conclusions
We have demonstrated here that our hybrid Au-SRR/VO; film nanostructure can utilize the
underlying size-dependent switching properties of the VO2 to selectively modulate the

resonance of SRRs. In other words, either by incorporating complex plasmonic structures
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in a medium with a changing dielectric or by placing defined volumes of phase change
material near a plasmonic component — e.g. in the gap or around the periphery of the SRR
— we can envision single plasmonic components with distinct spectral responses each

being modulated selectively depending on the size of the PCM being integrated.

4.4 POLARIZATION-DEPENDENT HYBRID NANOMODULATOR

As shown in sections 4.2 and 4.3, using a solid-solid phase transformation with high
dielectric contrast between the parent and the product phase offers great tunability of the
plasmonic nanostructure optical response. However, as discussed in those sections, there
are several issues that are inherent and specific to the various nanostructure designs. In the
stacked nanostructure case (i.e. Au-NS/V02-NS), contact of the Au nanostructure with the
VO can lead to poor switching efficiencies, especially because of the final annealing step.
Moreover, smaller nanoparticles seem not to switch as efficiently as the bigger ones. This
therefore places a restriction in the operating wavelength due to a limit in the size of the
nanoparticle that can be used to provide enough modulation. In the case of the Au-NS/VO2-
film, although smaller nanoparticle can be switched effectively as was demonstrated in
Chapter 1 while size-dependent switching in VO, can also be derived by using more
complex nanostructures (§ 4.3), the high absorption of the VO film, especially in the
visible-NIR region, might not be suitable for every application. Thus, a more flexible design
is required that can potentially cater for each of those specific technological requirements.
One of such designs - coined hybrid nanomodulator - is proposed in this section and is

illustrated in figure 4.15.
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This design relies on spatially confining electromagnetic field on the nanometer
scale using a plasmonic nanostructure while simultaneously tailoring the near-field
environment of its optical nanofocus. As seen from figure 4.15, this hybrid nanomodulator
consists of two nanodisks that are made of two different materials and positioned next to
each other, but not touching. In this particular case, one is a Au plasmonic nanodisk while
the other one is a PC-VO; nanodisk. On one hand, modulation of the bare VO nanodisk can
be achieved, but is restricted in its operating wavelength and modulation contrast, thus
limited by its intrinsic dipole resonance when metallized. On the other hand, the plasmonic
nanodisk spectral position and lineshape can be shifted easily by changing its size, shape or
material, but however requires an active component to achieve modulation. Therefore, the
synergy between these two nanoparticles provides greater room for reconfigurability.
Although such design can now be easily realizable (and on a large scale) by a newly
developed technique termed hole-colloid-mask lithography303304 we study here the
precise effect of tailoring the near-field nanoenvironment of the plasmonic nanoparticle.
Consequently, we employ electron-beam lithography to carefully and progressively
approach the PC-VO; nanodisk in the reactive near-field of the Au nanodisk. In so doing,
modulation is shown to be achieved not only when the PCM is in close proximity to the
plasmonic near-field spot, but this interaction can be turned on and off by varying
polarization of the incoming beam. In such a design, since modulation can occur “at a
distance,” this preserves the quality factor of the plasmonic nanoresonator as well. This

concept paves the road towards ultrafast-all-optical signal modulation using a single hybrid
ptp p g g gle ny
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nanoswitch whose specificities can be exquisitely tuned by varying plasmonic geometries

and the materials’ intrinsic properties.
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Figure 4.15. Schematic Representation of a Hybrid Nanomodulator. (a) Optical
modulation of a single vanadium dioxide nanostructure by thermally triggering the phase-
transition from its insulating (white) to metallic (magenta) state. The nanostructure alone
shows a strongly damped localized surface plasmon resonance in the near-IR region with
low signal-to-noise ratio. (b) Modulation using a resonant nanoantenna-enhanced scheme

with the same VO2 nanostructure but used as a tailored phase-changing nanoenvironment.
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When positioned in the near-field region of a plasmonic antenna, here a gold nanodisk,
greater tunability with larger signal is achieved. (c) By nanostructurally integrating these
two materials, reconfigurability can be also achieved. Few examples are (I) polarization-
dependent modulation, (II) bistable switching by utilizing the size-dependent switching
properties of the PCM, (III) ultrafast switching of the intrinsic PCM and therefore the
nanomodulator itself and (IV) tunability of this nanosystem by varying the plasmonic

nanoantenna size and/or shape.

4.4.1 Fabrication of Hybrid Nanomodulators

In order to fabricate such nanostructures, a three-stage lithography is employed as follows
and schematically depicted in figure 4.16: gold markers were lithographically fabricated on
ITO coated glass substrate by means of (1) electron-beam lithography on PMMA, spun at
2500 r.p.m and baked at 180°C for 90 seconds; (2) e-beam evaporation of 20 nm of gold on
the patterned substrate, measured by a quartz-crystal microbalance; (3) subsequent lift-off
procedure using a Remover PG bath at 70°C for 20 min. The gold nanodisk lattices were
fabricated using the same protocol, resulting in nanodisks of height 20 nm and unit cell of
600 nm, each plasmonic lattice having a footprint of 100 x 100 um2 Using the gold
alignment markers, a third step of lithography was performed by coating once more PMMA
resist on the sample and writing the phase-changing VO lattice pattern at sub-20-nm level.
Subsequently, the vanadium dioxide nanodisks were generated by (i) pulse laser ablation
of a vanadium metal target (PLD: A = 248 nm, 25 ns pulse duration, 3.86 m]/cm? fluence, 10
Hz repetition rate and 10 mTorr of O2 gas) to render, after subsequent lift-off, nanodisks of

amorphous, sub-stoichiometric vanadium dioxide (40 nm VOx-1.7 nominal thickness); (iii)
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thermal anneal of the sample (450°C, Oz gas at 250 mTorr for 20 min) to render the NPs

crystalline and stoichiometric.
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Figure 4.16. Fabrication Protocol for the Hybrid Nanomodulator Arrays. (a) SEM for
the 14 nm separation hybrid nanostructured array. (b) Fabrication protocol of a planar
plasmonic/phase-changing materials using a three step electron-beam lithography process
including gold evaporation, pulsed laser deposition with subsequent lift-off procedures
after each deposition method. A final annealing step that renders the vanadium dioxide
nanocrystals crystalline and thus phase-switching is required (iv). (c¢) SEMs of the various

arrays under study with varying separation (d nm) between the hybrid nanostructures.

4.3.2 Optical Characterization of Hybrid Nanomodulators

Extinction measurements were acquired as follows: (i) the 100 x 100 pm?
plasmonic/phase-change lattice of interest was positioned using micrometer drives under
white light illumination from a tungsten lamp (90 pum spot size and polarized at 45°

(perpendicular) or 135° (parallel) to the interacting dimer) while concurrently being
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imaged onto a CCD camera in the x-y plane; (ii) the focus (z-plane) was then visually
adjusted by displacing the 5x microscope objective with a numerical aperture of 0.12; (iii)
extinction at room temperature was then measured (integration time of 8 ms and average
of 200) (iv) the sample was then heated to 95°C, well above the transition temperature of
the VO2 nanodisks, and extinction measurements for the various lattices were repeated. As
flat-field, transmission spectra of the ITO-coated glass at room temperature and at 95°C
were used when the VO2 nanodisks were insulating and metallic respectively. Figure 4.17
shows the resulting spectra when the VO: nanodisk is switched from its insulating to
metallic state. As seen from the spectra and corroborated with the SEM, an experimental
minimum separation of ~ 14 nm is obtained corresponding to a modulation shift of ~ 10
nm. Although this is the lowest resolution achievable experimentally, the simulations
(discussed in the next section) show that modulation of up to 50 nm can be reached. We
note that such spectral shift has been obtained without any optimization of the plasmonic
nanostructures (i.e. tailoring and focusing the near-field electromagnetic energy by using

nanopyramids or nanotriangles for example).
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Figure 4.17. Experimental and Simulated Optical Spectral Responses for the
Nanomodulator Arrays. (a) Experimental spectra for the 172, 160, 129, 122, 102, 72, 66,

54, 34, 14 nm interparticle separation arrays when the vanadium dioxide nanocrystals are
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in the metallic (red) or insulating (blue) state. (b) Simulated spectra of the hybrid
nanomodulator for interparticle separation of 180, 140, 120, 80, 60, 40, 20, 14, 10, 8, 6, 4, 2
and 0 nm when the VO2 nanodisk is its metallic (red) and insulating (blue) state. The
orange shaded plots in each figure represent the simulated optical response of the static
gold lattices which match very closely both with the experimental results and with the case
where the VO nanostructures are not in the near-field region of the plasmonic
nanoparticle. As the phase-switching nanostructures approach the active plasmonic near-
field spot, the spectral signature can be substantially modulated. (¢) Summary of spectral
shifts comparing both experimental and simulated results. The error bar for the
interparticle separation was estimated to be ~ 2 nm while the peak determination is

assessed to be ~ 1 nm.

4.3.3 Simulating the Optical Response of Hybrid Nanomodulators

Similar to previous simulation sections, 3D full-field electromagnetic wave calculations
were performed using Lumerical FDTD Solutions®. A unit cell of the plasmonic lattice
structure (Au nanodisks of height 20 nm and radial dimension of 96 nm; VO2 nanodisks of
height 32 nm as averaged by atomic force microscopy on another sample and radial
dimensions of about 96 nm), including the ITO-coated glass substrate, was simulated using
periodic boundary conditions along the x and y axes and perfectly matched layers along the
propagation of the electromagnetic waves. Broadband planes waves (700-1200 nm) were
launched incident to the unit cell. While one monitor was placed in the glass substrate to
record transmission (z = - 400 nm), another monitor (z = 10 nm) was used to record the
spatial near-field enhancements. In all the simulations, we employed an auto-meshing
accuracy of 3 together with an overriding cubic mesh size of 1 nm3 around the

nanoparticles and the gap. The dielectric functions for the Au was obtained from Johnson
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and Christy’s data while those of the VO3, both insulating and metallic, were obtained from
Verleur’s paper.

As shown from figure 4.17b, we can clearly see that as the PC-VO: nanodisk
approaches the near-field region of the plasmonic nanodisk, modulation can be achieved by
varying its state (metallic or insulating). This region where modulation can occur (near-
field) is estimated to be ~ 20 nm. In the extreme geometrical case of the kissing nanodisks
(d = 0 nm) a plasmon spectral shift of ~ 50 nm is recorded. In order to study the coupling
dynamics of this hybrid nanomaterial further, we investigate the near-field behavior of the
system in two extreme cases - with the electric field polarization parallel and
perpendicular with respect to the long axis of the system and for the two extreme cases in
interparticle distance: the kissing nanodisks and when the VO; nanodisks are positioned
almost at the center of each Au unit cell in the plasmonic lattice (d = 180 nm). As seen in
figure 4.18b, when light is polarized parallel with respect to the long axis of the system, the
Au nanodisk EM near-field is affected substantially while when the light is polarized
perpendicularly, its near-field remains unaffected. Thus, this change in electron oscillation
in the Au nanodisk when the neighboring VO2 nanodisk is either metallic or insulating
creates a shift in the plasmonic response. Interestingly, we note that no modulation is
possible when the incoming light is polarized along the short axis of the system. Therefore,
this effectively demonstrates the tight localization of the plasmonic near field as the latter
is essentially myopic to changes in the VO2 nanodisk (although almost in contact with the
Au nanoparticle). This scenario has an identical effect to the VO; nanodisk placed at the

center of the Au unit cell lattice because no modulation is possible.
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Figure 4.18. Near-Field Polarization-Dependent Modulation. (a) Schematic illustrating
the ability of polarized nanoscale light fields to selectively interrogate the phase-changing
nanoenvironment. When polarized perpendicularly, that is along the short axis of this

nanosystem, modulation is drastically reduced, even for the extreme case of kissing hybrid
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nanostructures. (b) Electromagnetic field enhancement profiles for a single hybrid
nanomodulator (gap distance = 0 nm and VO state is metallic) for both polarization cases.
(c) Spectra for heterodimer gap distances of 0 and 180 nm when light is polarized parallel

and perpendicular to the long axis of the dimer.

4.4.4 Conclusions
In summary, we have shown that hybrid heterodimers can potentially be a very flexible
design not only allowing for control in the position of the plasmonic resonance but also at
what temperature the modulation can be executed (by changing the size of the VO
nanoparticle). In addition, since our design is polarization sensitive, such hybrid plasmonic
nanomodulator could potentially circumvent the slow switching off speeds that is inherent
to VO; relaxation dynamics (tens to hundreds of ns). More specifically, one could think of
an ultrafast switch that could be switched “on” using an ultrafast femtosecond pulse (for
e.g. a 50 fs pulse from a Ti::Sapphire) while electro-acousto-optic effects could be used to
change the polarization of the light, thus artificially switching “off” the nanomodulator in
picoseconds. Thanks to this multi-step lithographic process, annealing issues that were
inherent to the previous designs have now been solved as the VO (crystalline,
stoichiometric and switching) nanodisks can be fabricated first, followed by fabrication of
the Au nanostructures.

At present, only two experiments (both published in 2011) were successful in
fabricating such design, allowing the demonstration of enhanced gas sensing3 and
nanoscale spectral and spatial photon-sorting242. As mentioned previously, such designs

can now be routinely fabricated on a wafer scale by a hole-colloid mask process12. Here we
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have shown that our hybrid nanomodulator offers a versatile platform to control optical
responses and careful material’s choice along with specific plasmonic geometrical

parameters open possibilities for a wide range of practical applications.
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CHAPTER 5
PLASMONIC HOT ELECTRON INJECTION AS A NOVEL TECHNIQUE FOR

DRIVING ULTRAFAST PHASE TRANSITION

“The only reason for time is so that everything does not happen at once.”

~ Albert Einstein, 1921 Nobel Laureate

5.1 INTRODUCTION
As discussed in Chapter 1 (§1.3.3), ultrafast photoinduced phase transitions could
revolutionize data-storage and telecommunications technologies by modulating electron
and photon transport in integrated nanocircuits at terahertz speeds. In quantum materials,
phase transitions can provide functionality in nanophotonic devices84251 because the
interplay among microscopic degrees of freedom such as charge, lattice and spinl07305
conspires to generate macroscopic quantum phenomena such as multiferroicityls,
insulator-to-metal transitionl® and colossal magnetoresistancel4. Although these
interactions are well documented for bulk single crystals and thin films, little is known
about the ultrafast dynamics of nanostructured PCMs and when interfaced with active
plasmonic elements. Moreover, ultrafast optical excitation of PCMs provides the ultimate
non-contact control over their properties by creating non-equilibrium states of matter not
always accessible under equilibrium conditions.

Recently, such phase-transition (PT) events have been shown to occur on a

timescale even shorter than a single phonon period, driven by electronic acceleration of
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atomic motions caused by rapid modification of the lattice potential-energy surface326.307,
indicating that PT can be triggered potentially on an even faster timescale through ultrafast
perturbation of the lattice potential. As shown in figure 5.1, such coherent phonons can be
generated within the VO3 lattice by pump pulses with fluences that are below the switching
threshold. Fourier transform of the probed transmission revealed the various vibrational
modes of the system as shown. At higher pump fluences, these Raman-active modes
collapse and therefore mark the onset of phase transition of the VO to its metallic state.
Consequently, the appearance and disappearance of the coherent phonon modes is an
accurate marker such that dynamical phase transitions can potentially be clearly identified.

Taking a step further, Wall et al. showed that at low pump fluence (below
threshold), the coherent phonons could actually be controlled by constructive or
destructive interference. This was made possible in a pump-pump-probe set-up where the
delay between the two pump pulses was tuned to the intrinsic coherent vibration of the
VO, that is ~ 176 fs. The results are summarized in figure 5.2. Thus, not only can this
technique be used to probe ultrafast processes by monitoring changes in the lattice
potential, but this also demonstrates the ability to coherently control phase transition

events, provided the proper pump fluence and wavelength are chosen3%.
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Figure 5.1: Coherent optical phonons generation in VO:. (a) Ultrafast white-light
reflectivity as a function of probe wavelength and delay below above the photoinduced
phase transition threshold. Below threshold, signals at longer wavelengths are dominated
by a large negative transient with the oscillations dominating the signal at shorter
wavelengths. Below threshold the four lowest Raman active modes are clearly observed
(solid line indicates the best fi t to four Lorentzian oscillators). (b) Ultrafast white-light
reflectivity above threshold. We note that no oscillations are observed, showing that the
phonon modes are lost over the entire visible spectrum with a single broad feature

observed. Adapted from reference 396
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Figure 5.2. Coherent control of optical phonons in V0. Pump-pump probe
measurements (a) below and (b) above threshold. Traces correspond to the transient
reflectivity generated by a single pump pulse (black) and to a double-pulse excitation when
the pump-pump delay is set to be out-of-phase, i.e. by m (red), and in-phase (green), i.e. by
2m, with the 5.7-THz phonon mode. The arrows indicate the arrival time of the second

pump pulse. Adapted from reference 396,

Here we illustrate a novel generalizable all-optical method for triggering phase-
transformation events on a femtosecond timescale (i.e. even faster that the VO single
phonon cycle itself) by photo-injecting hot electrons generated by surface-plasmon
excitation into VO: nanoislands. In this particular example, plasmonic photoinjection
process reduces the switching threshold by about five times. By exciting the surface-
plasmon resonance in a sparse net of gold nanoparticles (hereinafter, Au-nanomesh) with

ultrafast optical pulses, energetic electrons are injected ballistically across the Au/VO:
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interface. Density-functional calculations show that the injected electrons couple to the
lattice to cause a catastrophic collapse of the A1z phonon mode of the VO lattice. Moreover,
the results show how plasmon damping by hot-electron effects - which is detrimental in
plasmonic circuitry due to linewidth broadening3% - can be harnessed for PT processes.
The response of the plasmonic/phase-change material is both thermodynamically
and wavelength tunable; proper choice of ultrashort pulse duration, wavelength or multi-
pulse sequencing can control the non-equilibrium thermodynamic evolution of the PT25,
while the plasmon resonance can be altered by selection of the nanostructure composition,
size or shape20309 The wavelength selectivity is demonstrated by tuning the plasmon
resonance frequency of the Au-nanomesh (800 nm) to coincide with the center wavelength
of the femtosecond laser pulse. The non-equilibrium thermodynamic character of the
ultrafast phase transition is shown by the fact that the Au-nanomesh does not affect the
critical switching temperature (7¢) of the IMT in the thermal equilibrium limit, as will be
discussed in the next section. This demonstration of hot-electron-driven phase transition
controlled by an all-optical ultrafast technique therefore represents a critical step towards

developing hybrid plasmonic/PCMs with optimal switching thresholds.

5.2 EXPERIMENTS AND DISCUSSION OF RESULTS

5.2.1 Sample Fabrication

Samples of PCM VO nanoislands on glass substrate were grown by a pulsed-laser
deposition method23: Specifically here, (i) ablation of a vanadium metal target using a KrF

excimer laser (4 = 248 nm; 25 ns pulse duration; 3.84 m] cm-2 fluence, 25 Hz repetition
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rate, 40 nm nominal thickness) in 10 mTorr of Oz environment; (ii) a subsequent thermal
anneal was performed at 450°C in 250 mTorr of Oz for 45 minutes to render the
nanoislands stoichiometric, crystalline and switching. While one sample was used as
control, the other sample was coated with 5 nm thick gold using electron-beam
evaporation and monitored by a quartz crystal microbalance. Figure 5.3a,b show the

schematics and SEMs of the resulting sample.

5.2.2 Equilibrium Limit

Hereafter, we compare T, of the two samples - pristine PCM-VO2 nanoislands and
the Au/VO2 hybrid nanomaterial - by optical characterization. Broadband transmission
hysteresis measurements were performed by focusing white-light from a 3000 K tungsten
lamp using a 5%, 0.12 NA microscope objective onto the sample and collecting the
transmitted light via a 5x, 0.20 NA microscope objective. An InGaAs photodiode placed at
the back focal plane of the objective was used to collect the resultant transmitted light as
the sample was thermally modulated by a Peltier Cooler. The temperature was monitored
in situ by a K-type surface-mounted thermocouple. The integrated white-light transmission
hysteresis curves exhibited switching temperatures of ~ 68.1°C and 68.7°C for pristine VO
and hybrid Au/VO2 nanoislands, respectively. This is shown in figure 5.3c. Consequently,
deposition of the Au-nanomesh on the PCM does not alter the equilibrium switching
properties of the electronic or lattice configurations. This is in sharp contrast to a recent
study whereby the VO2 was doped by Au nanoparticles, which drastically modifies the

thermal character of VO, PT240, Moreover, our results show that this is the case even for
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nanoislands of VO;, where greater contact electrification effects would in principle be
noticeable due to strong dependence on effective contact area3ll, Next, extinction
measurements were acquired by replacing the photodiode with a spectrometer in a quasi-
confocal geometry. Spectroscopic measurements (figure 5.3d) depict characteristic
properties of the VO, displaying a sharp but static feature at ~ 390 nm corresponding to a
02p—V3d absorption peak and the appearance of a dipolar near-IR response in the VO
nanoislands when metallized (darker purple)3ll. When normalized to the pristine VO
nanoislands, the Au-nanomesh spectra display a plasmonic response centered at 800 nm,
near the 790 nm pump wavelength. The resonance of the Au-nanomesh is broadened due
to the large size distribution of the underlying VO nanoislands and blue-shifts by ~ 3 nm

when VO; undergoes its characteristic PT (figure 5.3e)227,
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Figure 5.3. Characterization of Hybrid Au/PCM-VO; Nanomaterial. (a) Schematic of the
hybrid nanomaterial with 5 nm thin Au-nanomesh coating the vanadium dioxide
nanoislands core (40 nm nominal height). (b) Scanning electron micrograph of the hybrid
nanomaterial. (c) White-light transmission hysteresis measurement of Au/VO: hybrid
(vellow) and pristine VO2 nanoislands (purple) samples when modulated thermally. Note
that T¢ is ~ 68°C in both cases. (d) Extinction spectra of the two samples (purple: pristine
V02 and yellow: Au/V0z) when at 25°C (insulating-V02) and 100°C (metallic-VO2). Note the
increase in extinction in both cases where the VO2 switches metallic (darker yellow and
darker purple) (e) Differential extinction spectra of figure (d), depicting the plasmonic
response of the Au-nanomesh that slightly blue shifts when the VO; switches from

insulating (black) to metallic (yellow).
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5.2.3 Non-Equilibrium Limit

To reveal the ultrafast non-equilibrium character of the hybrid material, the differential
transmission of both samples is compared (at 300 K) in a non-degenerate pump-probe
scheme as a function of laser fluence (figure 5.4). A 50 fs, 790 nm (1.57 eV) pump pulse
above the 0.67 eV VO2 band-gap22> excites a 67 um-diameter spot at an angle of 12 degrees
normal to the samples while a delayed probe pulse monitors the phase transformation. The
probe, generated by optical parametric amplification, was tuned below the band gap to
3100 nm (0.4 eV) to maximize dielectric contrast between the “on” (metallic) and “off”
(insulating) states, thus enabling detection of only a few 100 pm3 of PCM-VO:. The
transmitted light was measured on a photodiode detector connected to a lock-in-amplifier
and the experiment was carried out at a repetition rate of 100 kHz. The duration of the
pulse was ~ 50 fs, measured by autocorrelation. Also, at a laser repetition-frequency of 100
kHz, the VO nanoislands recover to their insulating phase between pulses, confirmed by

the negligible background transmission signal at negative time delays.

5.2.3a Ultrafast spectroscopy of pristine VO2 nanoislands

For the pristine VO; nanoislands, pump fluences below threshold result in a large transient
transmission that decays rapidly to its original values (figure 5.4a-c). This fast-decaying
signal resembling a typical semiconductor response is associated with the interaction of
the laser field with the electronic system and is characterized by 7., the electronic
lifetime3%. However, at a pump fluence of 1.13 m] cm2 (figure 5.4d), a slowly decreasing

transmission that reaches a minimum at ~ 75 ps is observed, signifying the initial
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structural transformation of the VO2 nanoislands, characterized by a lattice lifetime t;. This
fluence threshold corresponding here to one photon interacting with ~ 70 unit cells agrees
with previous experimental findings when one accounts for VO: filling fraction, as
calculated in the next section. This minimum in transmission is associated with the slower
structural dynamics. It occurs sooner with increasing fluence and with intensities capable
of creating electron densities of order ~ 1020-102! electrons/cm3 in VO - corresponding to
the carrier density for the metallic state at thermal equilibrium - this produces an almost
instantaneous transformation to the metallic phase with a characteristic step-like response
in VO2 PT. This fully metallic phase corresponds to the rutile (R) structural phase,
described by Cavalleri et al. in ultrafast x-ray studies212,

The enhanced speed of the monoclinic-rutile transformation with increasing fluence
can be understood by a combination of two effects. First, the photogenerated electrons
have sufficient densities to melt the Mott state via Coulomb screening due to charge
redistribution following excitation. Second, the holes that are created in the 3d parallel
bands destabilize the V-V dimers to create to local oscillations228230, These local
oscillations, corresponding to coherent 6 THz phonons, assist in breaking the Peierls-
distortion component of the PT102236, While these optical phonons can last for hundreds of
picoseconds222233, the coherent structural response lasts for only few picoseconds and
serves to accelerate the formation of the metallic phase throughout the laser-excited

volume236,
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Figure 5.4. Ultrafast Optical Measurements: Pristine vs. Hybrid. Ultrafast differential
transmission data taken at 300 K over 250 ps at all pump fluences for pristine VO: (a-h)
and hybrid Au/VO2 nanomaterial (i-p). Ultrafast responses for an exciting pump fluence of
1.13 m] cm for pristine VO3 (d) and hybrid Au/VO2 nanomaterial (1) during the first 10 ps.

The empty squares are experimental data while the green lines are fits to the data. In (1),
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complete electronic and structural transformation is already achieved for the hybrid
nanomaterial. The rise time for both the pristine VOz and hybrid nanomaterial samples is ~
264 + 28 fs and 289 * 31 fs respectively, comparable within experimental variations. The
dotted lines are guides to the eye depicting evolution in the minima in the relaxation curves

representing the lattice system as a function of pump fluence.

5.2.3b Ultrafast spectroscopy of hybrid Au/V02 nanomaterial

In sharp contrast to pristine VO2, the hybrid nanomaterial shows no sign of threshold-
switching behaviour, suggesting that the structural PT component has already been
initiated even at the lowest pump-fluence (figure. 5.4i and figure 5.7a,b). For example,
comparing the first 10 ps dynamics for the 1.13 m] cm-2 case (figure 5.4d and 1) reveals that
the hybrid nanomaterial structural PT is triggered within the first picosecond. This marked
difference is associated with non-equilibrium excited electrons from the Au-nanomesh that
are injected into the PCM lattice faster than a phonon period (~ 176 fs)3%. We note that
this mechanism occurs in addition to the direct mechanism of exciting electrons and holes
from the 3d parallel bands, as discussed in the previous section. During the 50 fs pump-
pulse duration, electrons lying close to the Fermi surface in the Au-nanomesh are promptly
excited via intraband transition (figure 5.5a)312. Since the Au-nanomesh thickness is less
than the momentum relaxation length, hot electrons can propagate ballistically through the
Au nanoparticles with Fermi velocities (v¢) of ~ 108 cm/s and without experiencing large-
angle scattering at the Au/VO: interface. Additionally, since the intrinsic length scale of the
V02 nanoislands is comparable to e-e and e-p scattering lengths (~ 40-80 nm)313 and is also
smaller than the electron mean free path (~ 100 nm in s/p-band metals)314, the electrons

take only ~ 32 fs to travel through the VO nanoislands, across the Schottky barrier formed
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by the interfacial Au/VO: contact (figure 5.4b,c). Since VO; has a complex structure near
the Fermi level38, similar to that of other complex transition metal oxides, the injected
electrons can couple efficiently to the lattice due to strong electron-phonon coupling,
retaining much of the absorbed laser energy in the lattice315, At the lowest pump-fluence
displaying traces of structural PT in the VO2 nanoislands (figure 5.4i), each electron created
by the Au-nanomesh interacts with ~ 160 + 20 unit cells, corresponding to electron
densities of ~ 5 x 10 cm™3 in VO This estimate excludes direct photon-VO2 lattice
interactions that are estimated to be a photon interacting with ~ 400 unit cells.
Consequently, the additional injected electrons compensate for the lack of sufficient direct
photon-lattice interaction (with the threshold estimated to be one photon per 70 unit
cells). Thus, hot electron injection from the plasmonic Au-nanomesh element is the
mechanism that triggers the sub-picosecond PT of VO, together with the lowering of the
switching threshold.

Although not the primary focus of this chapter, it is noteworthy to mention that with
different sub-systems evolving on multiple timescales, another distinctive feature of the
hybrid nanomaterial dynamics (picosecond) is visible: with increasing fluence, it takes
more time for the VO2 nanoislands to reach maximum metallicity. For example, at a fluence
of 6.24 m]/cm?, the pristine VO nanoislands reach maximum metallicity at ~ 25 ps while
for its hybrid counterpart, maximum metallicity of the VO2 occurs at ~ 100 ps. The drastic
increase in electrons being injected by the Au-nanomesh (together with the direct photon-
lattice interaction as noted earlier), quenches the strength of the structural phonons in the

VO; lattice due to electron-phonon scattering and this modifies the already complex
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dynamics of the metallic formation in the VO2 nanoislands2lZ. As a consequence, complete
transformation to the metallic phase for the nanoislands in presence of extra electrons is
hindered until charge neutrality is restored at the metal/PCM interface. This electron
recombination process at the interface occurs within tens of picoseconds316. Once
recombination is achieved, the now charge-neutral VO; nanoislands can proceed along its
transformation path, relying on thermal transport to reach its maximum metallicity for a
given fluence. The thermal transport is derived mainly from electron-phonon scattering

mechanism and occurs within hundreds of picoseconds.
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Figure 5.5. Mechanism of Ultrafast Switching in Hybrid Au/VO; Nanomaterial. (a)
Band structure of gold near the Fermi Surface for the lowest possible interband transition;
this hereby excludes the possibility of hole injection from d-bands by excitation with a 790
nm (1.57 eV) pump pulse312, (b) Energy band diagram of Au and VO before contact with
respective work functions adapted from Refs. 102115240 (¢) Schematics after contact at t = 0
ps, when the pump pulse (50 fs, 1.57 eV) both creates hot electrons in Au via intraband

transition and excites electrons from the dj; valence band to the e, conduction band. The
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hot electrons injected across the interface couple to the cold VO lattice within the first
picosecond to overcome the switching threshold and thereby trigger the structural phase
transformation concurrently. Following excitation (t > 2 ps), an Ohmic contact is formed

when VO3 transforms from an insulator to a metal.

5.2.3c Calculations of fluence thresholds and injected electrons

Au-nanomesh
/
Filling fraction Au=52.5 %

“ Filling fraction VO, = 45.8 %

VO, (790 nm) 2.89 0.4230

Gold (790nm) | 0.15 48125

Figure 5.6. Detail Schematics of Hybrid Sample. Au-nanomesh (thickness of ~ 5 nm) on
vanadium dioxide nanoislands (nominal thickness of ~ 40 nm) used for both experiments
(section 5.2.1 and 5.2.2), i.e. thermal modulation and ultrafast switching. Filling fractions
were derived from Image] software using scanning electron micrograph of figure 5.4b (top

view).

(1) Calculations of electrons excited in the VO; nanoislands:

Number of photons generated in a pulse is:

0.28 x 1073 1 N 3
T 251 x10°0 40 x 107 2.79 x 10%° photons/cm

At a wavelength of 790 nm, the number of absorbed photons is:
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=0.32 X (2.79 x10?°) = 8.9 x 10'° photons/cm?

Effective absorbed photons:

= 8.9 x 10 x (0.525) x (0.458) = 2.14 x 10° photons/cm3

Therefore this corresponds to one photon interacting with ~ 400 unit cells.

We note that at a threshold fluence for the pristine VO2 nanoislands of ~ 1.5 mJ/cm?, this
corresponds to about one photon interacting with 70 unit cells. This is in very good
agreement with Rini et al. who found a threshold of one photon interacting with ~ 60 unit

cells225,

(11) Calculations of extra electron density created by gold-nanomesh:

From equation for penetration depth and using dielectrics of figure 5.6,

we find that the penetration depth for gold and VO2 is 26 nm and 267 nm respectively.
Since in both cases, 8, > AUspickness OF VO3 thickness W€ assume uniform excitation from

the 790 nm pulse and that each absorbed photon can excite one free electron from s-p

conduction bands of Au via intraband excitation (figure 5.5a).
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(Ila) Number of electrons generated in the low fluence regime (0.28 mJ /cm?):

Number of photons generated in a pulse is:

028 x1073 y 1
251 x10712 7 5 x10

— = 2.23 x 10*! photons/cm?

At a wavelength of 790 nm, the number of absorbed photons is:
= 0.0241 x (2.23 x 10?') = 5.37 x 10'° photons/cm?3

Assuming one photon creates one excited electron, effective number of interacting

electrons:

= 5.37 x 10 x (0.525) X (0.458) = 1.29 x 10 electrons/cm3

To calculate the number of electrons interacting per unit lattice cell of VO2, we assume that

the nanoislands (from SEM) are hemi-ellipsoidal with lateral sizes ranging from 50 nm to

200 nm. Thus, we use (%En (g X g X 40 )}), where 50 nm <a=>b < 200nm < 200nm.

Therefore, effective filling fraction of VO3:

Voleuipsoidai 14 (a b T _ .,
—2 = E{—TE(E XE X40)}— g(a X40)
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Hence, for any lateral ellipsoidal dimensions 50 nm <a =b < 200 nm:

X @)

VOleff =

Consequently, the number of unit cell interacting with the electrons that are
generated by the gold-nanomesh is:

Volume of 1 unit cell of VO3 in monoclinic cell:

=0.575nm x 0.538(sin 57.40) nm X 0.456 nm = 0.118 nm?3

Number of VO2 unit cell in 1 ¢m?3

_ 1 x 107
0 0.118

= 8.47 x 10%1

Therefore, number of VO unit cells that actually interact with the injected electrons are:

= 847 x 10?! x (0.458) x (0.524) = 2.03 x 102! unit cells/cm3

Thus, in the low fluence, the number of unit cells that one electron interact with is:

2.03 x 10?1 ,
= m = 157 unit cells
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Therefore one electron interacts with ~ 157 unit cells of monoclinic M1 insulating VO.

(1Ib) Number of electrons generated in the high fluence regime (6.24 mJ /cm?):

Using the similar procedure as described above, in the high fluence case, one electron

interacts with ~ 7 unit cells.

(IIc) Error bars:

Assuming that VO2 thickness varies: 35 nm < VO, ,ominal thickness = 45 nm, therefore, for
the low fluence threshold:

Upper limit is:

X (50 X 50 x 45) )
50 x50 x40 (X (0458) X 8.47 X 10

= 179 x 105 = 180 unit cells

Lower limit is:

£ (50 X 50 x 35) )
50 x50 x40 (X (0:458) x 847 x 10

= 179 x 100 = 140 unit cells

Therefore the in the low fluence threshold, one electron interacts with ~ 160 + 20

unit cells.
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5.2.3d Fitting procedure for the ultrafast data
Fits of figure 5.4b with accompanied lifetimes in figures 5.7a and b were obtained by fitting

the data with a function of the form:

ATT(t) = 0O(t) [Te e(;_et) +T; (1 - e(;_et)) e(;_lt)]

where @ (t) is an error function defined as %[1 + erf (Tic)] depicting the rising edge of the
signal due to the pump and probe cross-correlation and governed by t., the laser pulse
duration of 50 fs. T; and t; (i = e,l) are fit parameters representing the amplitude and
recovery rate of the electronic and structural dynamics, respectively. For the hybrid case in
figure 5.4b, 5.7a and b, an additional amplitude (T,,.) and lifetime (74,,.) term was

introduced to represent the electronic relaxation of the Au-nanomesh with a fitting

function of the form:

—t -t —t -t -t
_ATT(” = O(t) |T.e% + Ty eaue + T, (1 - e(fl)) <1 - e(TAu'e)> e(”)l-
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Figure 5.7. Electronic and Structural Lifetimes. (a) Electronic decay lifetimes for the Au
(empty squares), pristine VO2 (purple filled squares) and Au/VO2 nanomaterial (yellow
filled squares). Note that (i) the electronic lifetime for the Au has a relatively constant value
of ~ 1 ps and (ii) the pristine VO2 has a switching threshold at about 1.2 m] cm-. (b)
Structural lifetimes for VO2 with (yellow filled circles) and without (purple filled circles)
Au-nanomesh. In both (a) and (b), the electronic and structural lifetimes of the Au/VO;
nanomaterial are already higher than those of the pristine VO.. In this case, no threshold at
the lowest fluences is found, suggesting an already switched state. We note that a nonlinear
least squares fitting procedure was used and all the extracted lifetimes were within the

959% confidence bounds.

5.3 DENSITY FUNCTIONAL CALCULATIONS: INSIGHTS ABOUT THE ULTRAFAST
COUPLING MECHANISM

To further elucidate this mechanism at microscopic level, density functional calculations
were carried out to determine the exact role played by the injected electrons. This work

was performed by Dr. Bin Wang and Prof. S. T. Pantelides at Vanderbilt University.
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First-principles calculations based on density functional theory (DFT) were
performed using the VASP package.2ZL The PBE-GGA exchange-correlation potential272 was
used and electron-core interactions were treated in the projector augmented wave (PAW)
formalism.273.274 A rotationally invariant DFT+U approach2Zs was applied, and the effective
parameters, U and ], to include the Hubbard on-site Coulomb repulsion, were 4 eV and 0.68
eV, respectively. The plane-wave Kkinetic-energy cutoff was set to 400 eV. Gaussian
smearing (width = 0.01 eV) was used to calculate the partial occupancies. Calculations were
performed using a supercell consisting of 27 unit cells. I' point in the Brillouin zone was
used to compute the density of states and the forces. The phonon calculations were carried
out by calculating force constants in real space using Density functional Perturbation
Theory (DFPT).317 In the phonon calculations of excited systems, electrons were removed
from the valence band maximum and positioned at the conduction band minimum, and the
occupancies were kept fixed throughout run.

First, the effect of electron-hole pairs excitation in a VO supercell, consisting of 27
monoclinic M1 unit cells is examined. This represents experiment of photoexciting the
pristine VO nanoislands only. As shown in figure 5.8, excitation of a single e-h pair shows
softening of the 6 THz mode at the I' point. Moreover, exciting four electrons leads to a
negative frequency in its phonon spectrum, corresponding to a destabilization of the VO
system. Since the creation of holes has been demonstrated to facilitate the V-V dimer
structural relaxation22l, the phonon spectrum is also calculated when an electron is
removed from the valence band to simulate hole creation. As in the case of exciting

electrons, a similar concentration of holes is required for the 6 THz phonon to reach
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negative frequencies. Close inspection of the induced electron density difference shows
that the removed electrons are mainly located on dy, orbitals of V atoms, corresponding to

the orbitals that are responsible for the V-V dimer binding statesls,

e-h excitation h formation

o

Frequency (THz)

a neutral

Frequency (THz)
Frequency (THz)

Frequency (THz)

Figure 5.8. Phonon Spectrum for e-h Pairs Excitation and Holes Formation. (a)
Phonon spectrum of a neutral VO2 supercell consisting of 27 monoclinic M1 unit cells. (b)
Resulting phonon spectra during (i) electron-hole (eh) pair excitation and (ii) hole (h)

creation process. Data collected by Dr. Bin Wang.

Hereafter, calculations to simulate the injection process (corresponding to

experiment of the hybrid nanomaterial) were performed. The calculations were based on
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the same periodically-repeated supercell so that the addition of electrons is automatically
compensated by a uniform positive background. Since the latter has no effect on phonons,
we expect the calculation to correspond to electron injection. Addition of up to 16 electrons
results in virtually no change of the phonon spectrum of the normal bulk material.
However, adding an additional electron to the system (now 17 extra electrons) shows clear
sign of the 6 THz softening at the I' point (highlighted in red in figure 5.9) and with just one
more injected electron, this results in a catastrophic phonon collapse to a negative
frequency (figure 5.9a). This excess of electrons corresponds to electron densities of 1021
cm-3, similar to experimental values at saturation level (that is when the entire VO2 has
switched). While changes to other phonon modes are rather subtle, the collapse of the 6
THz is clearly visible. Its atomic motions correspond to the two V atoms forming V-V dimer
vibrating along the [010] direction and perpendicular to the c-axis, as schematically

depicted in figure 5.9b.
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Figure 5.9. Phonon Spectra Resulting from Electron Injection. (a) Density functional
calculations of phonon spectrum of neutral VO2, 17 and 18 electrons injected into VO2
supercell corresponding to an electron density of ~1021 cm-3. (b) Schematic of the critical

phonon mode at 6 THz. Data collected by Dr. Bin Wang.
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Hole creation Electron injection

B

V-V dimer

Figure 5.10. Induced Electronic Charge Difference in VO Lattice for Hole Formation
and Electron Injection. Charge difference in the VO lattice when (i) an electron is
removed (hole creation) and (ii) the 18th electron is injected (i.e. 18th-17th electron

density). Courtesy of Dr. Bin Wang.

Excitation of these 6 THz phonons has been shown in previous experimental work
to be critical in triggering the structural phase transition of V0;212228236 These calculations
show for the first time how the catastrophic phonon collapse of the critical 6 THz phonon is
a direct consequence of electron injection and photo-excitation as well, supporting the
present experimental finding of ultrafast phase transition by electron injection. Although
not as effective as directly removing an electron from the orbitals bonding the V-V dimer,

the DFT calculations confirmed that injecting electrons into the spatially extended
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conduction band also relaxes the monoclinic structure, resulting in a catastrophic phonon

collapse and therefore the VO; phase transition.

5.4 CONCLUSIONS

The overall change in dynamics when VO; is interfaced with a plasmonic element
illustrates the delicate balance that exists in these complex phase-changing materials and
suggests the need for careful tailoring of the hybrid nanomaterial to achieve fast-acting
switches. More importantly, our results elucidate the correlation between electron
injection and its coupling to the lattice. Here, the electron injection process provides both a
means to melt the Mott-insulating character of VO; but also a means to break Peierls-
distortion by selective phonon mode collapse.

The analysis presented here demonstrates that hot electrons can be harnessed to
increase the efficiency with which a phase transformation is triggered on an ultrafast
timescale. Furthermore, multiple plasmonic materials with lower work functions together
with optimized nano-photocathode designs can now be explored. Ultimately, these studies
will enable the design of materials to fabricate all-optical modulators operating at optimal
switching threshold for next-generation nanophotonic devices and whose non-equilibrium
transient states can be manipulated by dynamic charge doping.

More broadly, since VO serves as a prototypical PCM, ultrafast electron-injection
provides an additional method to tailor other phase-transition phenomena and also to
understand their properties via dynamic tuning of the Fermi level. Detailed studies of

hybrid nanomaterials will be necessary to reveal novel physical processes that do not
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typically occur within one class of material even under equilibrium conditions. Moreover,
by examining the effect of plasmonics nanostructures with increased absorption efficiency
on other transition-metal oxides, this opens the possibility of efficient optically induced
electronics2?, controlling and manipulating materials properties via selective, wavelength-
dependent ultrafast creation of non-equilibrium states. Hybrid nanomaterials thus have the
potential to create new ultrafast phase-diagrams, revealing novel dynamic emergent

phenomena.
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CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS

“One day Sir, you may tax it.”
~ Michael Faraday to British Minister of Finance, William Gladstone,

when asked about the practical worth of electricity.

6.1 INTRODUCTION

The overall goal of this dissertation is to provide a framework for understanding how
coupling (electron and the lattice or plasmonic nanostructures) occurs both at nanometer
length scales and on femtosecond time scales in hybrid quantum nanomaterials and
nanostructures. This work not only identifies the various parameters at play, but also
demonstrates how light can be controlled on a subwavelength scale by using the kinetics
and dynamics of VO2, a canonical quantum material. In conventional optoelectronic
devices, functionality is driven by tuning steady-state material properties. In contrast, this
dissertation describes a novel category of hybrid nanomaterials and nanostructures whose
functionality relies on collective interactions between electrons and the crystal lattice.

By demonstrating hybrid plasmonic/phase-change nanostructures in varying
architectures, we have developed a generalizable methodology for reconfiguring
nanodevices that relies intrinsically on the atomic properties of the quantum material used.
Thus, since our hybrid nanomaterial combines prototypical plasmonic (gold) and phase-

changing (VO2) components, this dissertation can potentially be generalizable to other
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hybrid systems, combining other plasmonic nanoarchitectures with phase-changing
elements exhibiting other extraordinary macroscopic quantum phenomena
(ferromagnetism, paramagnetism and superconductivity to name a few). More specifically,

the major accomplishments of the research efforts in the dissertation are:

¢ Demonstrating that modulation can be achieved at the single nanoparticle level and,
that the plasmonic response of a single nanoantenna can track and thus mimic the

phase-transition of the VO2 when thermally modulated.

e Assessing for the first time the importance of the surface roughness due to VO2 grain

structure on the plasmonic response of an antenna by means of FDTD simulations.

e Developing a new methodology that combines electron-beam lithography, plasmon-
resonance nanospectroscopy and density-functional theory to pin-point a possible
cause of phase transition in vanadium dioxide: oxygen defects created at grain

boundaries due to strain effects.

e Connecting the electronic vs. structural response of the VO; across various volumes,
thus demonstrating the importance of interface and grain boundaries on the VO

phase transition, driven by heterogeneous nucleation.
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Evaluating various hybrid plasmonic/phase-change nanoarchitectures that can
achieve superior wavelength modulation (AA ~ 230 nm) capability while still being

experimentally achievable.

Describing a three-stage electron-beam lithographic process that allows one to
fabricate nanostructures of varying material on the same planar substrate (for e.g.
heterodimers), allowing for not only spatial control of EM near-fields, but spatially

controlling the reactive near-field nanoenvironment as well.

Performing the first ultrafast experiment on a hybrid quantum nanomaterial both at
nanometer length scales and on femtosecond time scales simultaneously, thus
demonstrating the complexity that arises from coupling of the injected charge

carriers to the crystal lattice (Chapter 5).

Reporting ballistic electron injection due to resonant plasmonic excitation as a novel
mechanism that can trigger a phase transition event on a timescale faster that the

intrinsic phonon cycle of the VO; while lowering the fluence threshold for switching.

Developing, in collaboration with Robert Marvel, Joyeeta Nag and Bo Choi, a reliable,

cost-effective method to fabricate VO thin films using electron-beam evaporation as

an alternative to pulsed laser deposition.
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e Developing a scheme for extracting the response function of hybrid nanostructures

using an interferometric autocorrelation setup.

Thanks to a collaboration with Professor Sokrates Pantelides and Dr. Bin Wang, we
have also learned how density functional theory can help to elucidate the mechanism
responsible for the phase transition in the hybrid nanomaterial, that is the electron-lattice
coupling dynamics along with the observation of a catastrophic collapse of a specific 6 THz
phonon mode, corresponding to local oscillations of the V-V dimer. This collapse thus
marks the onset of the phase transition of VO,. Using density functional theory to describe
theoretically for the first time the importance of hole creation in destabilizing the V-V
dimer, thus triggering the phase transition.

Although this dissertation shed much light on the intrinsic properties of hybrid
nanostructures and on the ability to control their optical responses both spatially and
temporally, it perhaps serves more importantly one of the most fundamental aspects of
research, as expressed by Thorstein Veblen, namely that “the outcome of any serious
research can only be to make two questions grow where only one grew before.” In the
following sections, we highlight few research avenues that could potentially aid to better
understand VO; and develop better intuition with regards to the intimate coupling that
exists between plasmonic and PCM. This would surely help to further increase the chance

of such hybrid class of materials to be integrated into current nanodevice technologies.
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6.2 ENGINEERING AT THE ATOMIC SCALE

From Chapter 2 and 3, one has seen how homogeneous or heterogeneous interfaces tend to
obscure the dynamics of the VO». Therefore, new fabrication schemes in conjunction with
novel detecting strategies should be devised to understand the effect of electron
correlation and structural changes during the phase transition, potentially pin point its
microscopic physical origins. In such cases, molecular beam epitaxy or atomic layer
deposition could potentially be an important route to fabricating layered VO, oxides that
are separated by a non-interacting oxide with low lattice mismatch such as TiO; for
example. As demonstrated very recently, such “digital superlattice oxides” in another class
of quantum material, combined with angle-resolved photoemission spectroscopy provided
tremendous physical insights about the nature of electron localization in such system318
and thus, such technique could potentially be implemented to elucidate the mechanistic
details of the VO; phase-transition. This experiment is illustrated in figure 6.1.
Interestingly, the concept of layering the VO2 has been suggested theoretically as well
whereby an exact number of VO on TiO; layers (5:3 ratio) was found to result in a semi-
Dirac point at the Fermi surface, thus having spinless charge carriers that are effective

mass-like along one principal axis but are massless along the other319.320,
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Figure 6.1. Digital Oxide Superlattices. By fabricating atomically abrupt interfaces, the
electronic structure of superlattices of Mott insulator LaMnO3 and the band insulator
SrMnO3 show how enhancement in quantum many-body interactions can be interfacial
engineered. Renormalized ARPES spectrum showing the formation of the quasiparticle

peak, signature of electron correlation. Adapted from reference 318,

Although we now know that the most probable sites for nucleation are oxygen vacancies, a
deeper understanding of the heterogeneous nucleation process to switch the entire VO
volume is still needed. Moreover, the question of what is the fundamental size limit at which
the phase transition can occur is still unknown. In order to attempt answering such
questions, one could think of a similar experiment demonstrated by the Alivisatos group,
namely using high-resolution transmission electron microscopy to study the growth of
nanocrystals that are trapped in a liquid embedded between atom-thick graphene sheets.
With progress in the micro/nanobeam community in fabricating defect-free VO2 crystals,
one could think of embedding the VO2 nanobeams in such graphene cells to study the

phase-transition process at an atomic scale21.
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Moreover, since both nanoscale and interfacial effects can impact performance of
optoelectronic devices, it is necessary to understand how these parameters can modify
macroscopic properties. Thus, experiments aimed at understanding the electronic
properties (for e.g. carrier mobility, percolation) are also required. For example, one could
think of growing epitaxial VO; films with a certain grain structure in specific device
geometries so as to measure the effect of interface and grain boundaries on the electrical

properties as a function of thermal switching. Such an experiment is depicted in figure 6.2.

Figure 6.2. Effect of Grain Boundaries on VO: Electrical Properties. Hall bar devices

can be fabricated on a-cut sapphire with the VO (purple) grain structure (~ 125 nm wide
grains) along or across the drain-source path. Thus, a correlation can be drawn between
switching performance and the effect of the interface, potentially highlighting the
bifunctionality of such nanodevices. Initial experiments were performed in collaboration

with the Bolotin group at Vanderbilt University.
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6.3 COMPLEX COUPLING MECHANISM IN HYDRID NANOSTRUCTURES
Although Chapter 4 provides an exhaustive treatment of plasmonic modulation using VOo,
our hybrid nanostructures provide a versatile test bed for understanding other physical

optical phenomena. For example, phase-changing VO; could be used to modulate

electromagnetically induced transparency321:323 by creating the hybrid nanostructures
shown in figure 6.3. Also, due to the narrow linewidth (or Q-factors) that are created by
Fano-type interference, such nanostructures could potentially provide a more sensitive
probe of the phase transition in VO;. One could also implement of a more complex scheme
in which the broad highly damped dipole plasmonic resonance created when a VO
nanodisk metallizes could interact with a sharp dipole resonance of a heptamer
nanostructure geometry to create Fano-like interference324:328, This could potentially
provide greater flexibility and modularity to the optical response of the hybrid

nanostructures (figure 6.4).
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Figure 6.3. Modulating Electromagnetically Induced Transparency in Plasmonic
Nanostructures. (a) SEM of hybrid Au-EIT/VO;-film plasmonic nanostructures. The dipole
(vertical bar) and quadrupole (horizontal bars) resonances interact to form a narrow
transparency window in the extinction spectrum of this plasmonic nanostructure. The inset
shows the underlying smooth ~ 40 nm VO film fabricated by electron-beam evaporation.
(b) Simulated transmission spectra of 20 nm thick Au EIT nanostructures (without VO2)
showing that transmission increase can be optimized at specific wavelength (~ 800 nm in

this case).

Figure 6.4. Fano Resonance in Complex Nanostructures. Increasing complexity of near

field interaction: SEM displaying a hexamer of Au nanostructures (for a single-peak
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resonance at ~ 600 nm), a heptamer (for a dip in the extinction due to a Fano resonance)
and a hybrid Au/VO; heptamer (for tuning the Fano resonance by varying the phase of the
nanoparticle). The nanodisks have an average diameter of 160 nm and the edge-to-edge

separations are ~25-30 nm.

Potentially even more rewarding, albeit more demanding, is to incorporate a phase-
changing material into the recently developed nanostructure designs of the Capasso
group322330 for beam steering and beam modulation in plasmonic antennas for quantum-
cascade lasers. Since the plasmonic antennas themselves are purely passive, the
incorporation of a phase-changing material such as VO2 would make possible active optical
or electrical control of the antenna. If modulation of both the amplitude and phase in the
optical response of a hybrid plasmonic nanoparticle is achieved by optimizing its shape and
size, one could potentially think of 2D planar geometries that can control the propagation
of laser light through the plasmonic interface. Effects such as active steering or focusing of
a beam and creation of optical vortices could then be realized due to modulation of the
phase discontinuity at that interface. Although using VO2 thin film as the active substrate
might be too absorptive, the three-stage electron-beam lithography process could
potentially be used to optimize simultaneously the plasmonic and phase-changing
properties. Thus, the Au/VO: hybrid nanostructures would be conceived as entities whose

sizes and shapes vary as a function of spatial position on the planar substrate (figure 6.5).
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Figure 6.5. Modulation of Interfacial Phase Discontinuity. (a) Demonstration of static

Au structures used to create optical vortex. From reference 322, (b) Suggested potential
hybrid nanostructures whose phase and amplitude can be modulated to achieve effect such

beam steering or beam focusing.

6.4 ULTRAFAST DYNAMICS OF COUPLED SYSTEM

As illustrated in Chapter 5, the hybrid nanomaterials display rich ultrafast physics due to
the various electron-electron or electron-phonon coupling mechanism taking place at
various length scales but also evolving on various time scales. Although the study of hybrid
nanomaterials is still in its infancy, one can already see that the complexity of such systems
has many ramifications for the ultrafast (femtosecond/picosecond) dynamics of condensed
matter, including the potential to control electronic and vibrational pathways so as to
maximize a specific product phase.

Since electron injection has been shown to modify the coupling dynamics, one can
now consider how doping could affect the intrinsic switching properties of phase-changing
material, beyond the obvious lowering of the fluence threshold to trigger the phase-
transition. Indeed, as shown in Chapter 5, the presence of extra electrons in the VO lattice

can complicate the formation of metallicity and thus it would be interesting to know the
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exact mechanistic details for such an observation. This could perhaps shed light on the
charge recombination effect at the interface. Here ultrafast THz experiments on such
hybrid nanomaterial (plasmonic/VO2 or doped VO3) could be designed to understand the
complex dynamics of metallic grain formations217,

As eluded previously, one of the main drawbacks of using VO2 as the phase-change
material is its slow relaxation time, ranging from hundreds of picoseconds to tens of
nanoseconds. For technological applications this may be unacceptable and more
understanding is needed of ways to reducing relaxation time. As initially demonstrated by
Lysenko et al.331, relaxation time is highly dependent on substrate and therefore, one could
think of using low lattice mismatched substrate to efficiently couple the energy out of the
VO; lattice, thus relaxing the structure faster. Also, we note that there have not been any
experiments performed on the size-effect of VO2 in the ultrafast regime.

Last but not least are the results by Wall et al. that showed how coherent control of
the VO, phase transition can be achieved fluences below the threshold at which the VO2
becomes not only metallic but also rutile3%. These results are very important in so far that
they show the potential to coherently control the state of the VO thus potentially
“switching off” the material on the timescale of its phonon cycle (~ 176 fs). One important
part of this puzzle however is to extract the dielectric properties of VO2 in the time domain
to understand how the dielectric functions evolve temporally as VO loses it monoclinic
character after (or during) ultrafast excitation. Hopefully, one might not need to completely
transform the VO from metallic to insulating phase to obtain a drastic change in

dielectrics, necessary for photonic applications.
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6.5 AND THIS LIST GOES ON...

As one can infer from this dissertation, there are many research projects suggested by
thinking about applications of hybrid nanomaterials that are yet to be explored. The most
interesting experiments are the ones that demonstrate the ability to control simultaneously
both the spatial and temporal properties of the phase-changin material. One could think of
using plasmonic near-field interferometry332 to achieve phase transformation for example
or even using ultrafast excitation combined with spatial light modulation to tune the
dielectrics of a PCM with a predetermined spatial pattern that can evolve on an ultrafast

timescale, depending on the relaxation properties of the excited material.
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APPENDIX A
ROBUST AND COST-EFFECTIVE FABRICATION OF ACTIVE HYBRID

PLASMONIC NANOSTRUCTURES

A.1 INTRODUCTION

We describe here the initial experiments required to fabricate efficiently and on a large
scale crystalline and switching vanadium dioxide using electron-beam evaporation.
Combined with a cost-effective and reliable lithography method coined hole-mask colloidal
lithography by Fredriksson et al3%3, this process has the ability to create large areas
(several cm?) of hybrid nanostructures (stacked nanodisks, gold nanostructures on phase-
change film and even the heterodimers as described in sections $§4.2, §2.1, §4.4
respectively). Moreover, other complex structures with nanoscale features such as holes,
disc, ring and crescent-shaped can also be fabricated, with tunable optical responses yet to

be determined.

A.2 ELECTRON-BEAM EVAPORATION OF VANADIUM DIOXIDE
In contrast to expensive method of fabricating VO2 such as pulsed laser deposition and
chemical vapor depositionlé?, electron-beam evaporation is a less expensive method that
typically requires the use of inexpensive powder or pellet targets.

Here crystalline, stoichiometric and switching VO; was fabricated at room
temperature as follows: VO films were deposited on glass substrates by electron-beam

evaporation of a commercially available (Materion) crystalline VO2 powder (mesh of 100)
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using a laboratory-built evaporator system with 5 keV electron gun and 130 mA average
beam current. The system pressure before evaporation was ~ 4 x 10-7 Torr while during
the evaporation, the vacuum was maintained at ~ 1 x 10-% Torr, with a typical deposition
rate of 0.3 A/s as monitored by quartz crystal microbalance (QCM). We deposited 100 nm
thin film on glass confirmed using profilometric measurement. After deposition but before
annealing, the films were characterized by XRD, AFM and SEM. In addition, optical
transmission and reflection were measured with a white-light source (tungsten filament)
and InGaAs photodetector (700- 1800 nm). Measurements were taken while thermally
cycling through the phase transition (~ 25-100°C) using a Peltier cooler. XRD
measurements were taken using a Scintag XGEN-4000 with copper Ka radiation of 0.154
nm; 0-20 scans from 10 to 90 degrees were acquired in 0.05-degree steps with 30-second
integration time. A Nanoscan III AFM was used to determine morphology and to measure
RMS surface roughness. To study the sample surface morphology, corresponding SEM
images were taken with a Raith e-Line microscope system. After the initial characterization,
the VOx-~2 thin film samples were annealed at 450°C with 250 mTorr oxygen pressure.
Annealing durations were varied (5, 10, 20, 30, 40, 60 and 90 minutes) for optimization
purposes while all other parameters were held constant. SEM images of the film surface
after deposition show no grain structure as pictured in figure 1.29, in good agreement with
AFM measurements. XRD analysis performed on glass samples prior to annealing did not
show any peaks consistent with VO2; only a broad peak attributed to the substrate was
observed, indicating the absence of significant crystal structure in the films prior to

annealing. White-light transmission measurements confirm the lack of sizable VO:
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domains, with no change in intensity observed across the transition temperature range. To
determine the stoichiometry of as-deposited films, x-ray photoelectron spectroscopy (XPS)
was performed. The vanadium-to-oxygen ratio was measured to be 1.00:1.98 for the as-
deposited film (before annealing) with V205, VO and V;03 oxides observed to be present.
Prior to annealing the films are believed to be amorphous because no XRD peaks were
observed. Analysis of the powder precursor by XPS shows the presence of V205 and VO3 in
the amounts required to produce V024 stoichiometry. The short annealing time needed to
produce good quality VO films is quite reasonable given the near perfect stoichiometry
after deposition. After annealing, SEM was used to examine the morphology. This was
shown figure 1.29, displaying the increasing granular structure of the VO; with increasing
annealing durations. Longer annealing times (> 40 min) clearly reveals the presence of rod-
like structures, likely due to Ostwald ripening. AFM measurements show a linear increase
in surface roughness with annealing time and the presence of rod-shaped grains. White-
light transmission measurements were also performed after annealing to confirm that all
the samples switched. We note that no trend in hysteresis width as a function of increasing
grain size is observed, implying the same average number of potent nucleation sites. The
formation of rod-like grains after 40 minutes might suggest degradation of the film optical
performance due to a possible conversion of the stoichiometric VO; to V,0s5123; however,
the switching contrast remains fairly constant. To further investigate the composition of
these films, XRD analysis was performed on all samples. We observe that there is no shift in
peak position nor appearance of new peak is observed, demonstrating that our films are

stable to varying annealing conditions.
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Figure A.1. Characterization of VO: Thin films on Glass Substrate. (a) White-light
transmission measurements showing the hysteresis curves with an average switching
temperature of about 68 °C. (b) Switching contrast as a function of annealing time. (c) XRD
measurements depicting the consistent composition of the thin films, with curves shifted
for clarity. The three prominent peaks are indexed from left to right as the VO2 (011), (212)
and (012), (021).

From figure A.1., we see that the optical performance decreases only slightly with
increasing annealing times, suggesting perhaps that the film morphology could be
responsible for this transmission decrease. This can also be inferred by the fact that no new
crystal phases have been formed during annealing. Thus, we performed simulations to
understand VO2 morphologies (due to increasing annealing times) can affect the switching
contrast. FDTD simulations were used to link the changes in morphology to the observed
optical switching performance. To do so, we simulated the interaction of a white light with
two different VO2 structures: a chain of three nanoparticles and a rod-like structure. The
simulated structure is surrounded by a total-field/scattered-field (TFSF) source with 2 fs

pulse duration. The spectral range used was from 300 to 1800 nm and the source was
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injected with the polarization aligned parallel to the long axis of the structures. Two sets of
power monitors were used, one located inside the TFSF region, providing the absorption
cross-section, while another was located outside the TFSF source, giving information on the
scattering cross section. The entire simulation region was meshed using 2-nm grid spacing

and surrounded with PML boundary conditions.
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Figure A.2. Effect of Film Morphology on the Optical Response. (a) Simulated extinction
response for the VO; rod-like grain and nanoparticle chain structures in insulating and
metallic states. We note that the chain of nanoparticles have greater extinction in both

metallic and insulating state within the detector range.

Figure A.2 shows that for both the insulating and metallic states of VOq, the
extinction is greater for the nanoparticle chain than for the nanorods; the same

relationship being observed when polarization is perpendicular to the long axis of the
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system (inset of figure A.2.). The broad peak observed at 1150 nm is due the dipole
resonance of the structure when it metallizes, as described in Chapter 3. We compare the
smooth morphology of the rod structure to the morphology of the film annealed for five
minutes: the scattering is more specular in nature, the result of smoother edges on the rod
and corresponding to a smoother film with less well-defined grain boundaries. As the
annealing time increases, the grain boundaries become more sharply defined, as simulated
by the chain of nanoparticles, resulting in more diffuse scattering of light. This corresponds
to the negative slope between 5 and 40 minutes in figure A.1 and is due to the transition
from a smooth to a granular-like film and consequently from a specular to diffuse
scattering. After 40 minutes, the switching contrast increases and levels off. This is possibly
due to the competition between the diffuse scattering of the sharply defined grain
boundaries and the specular scattering from the larger, rod-shaped domains.

In conclusion, we have demonstrated a robust, reproducible protocol for electron-
beam evaporation that produces VO films on glass with optical switching characteristics
that do not exhibit a strong dependence on annealing time. In addition, the near-perfect
stoichiometry of the as-deposited films, a result of the powder precursor, requires short
annealing times and produces films with smooth morphology. Converting the as-deposited
films to high-quality VO2 requires only a short time at conditions under which VO is the
preferred oxide. This is in sharp contrast to deposition processes that produce films with a
composition that deviate strongly from the preferred VO; stoichiometry. Thus, such films
require longer times for oxygen diffusion and crystallization to the correct VO2

stoichiometry. Possible extensions of this work include doping (W, Ti or Cr), epitaxial
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growth on various substrates, and more importantly perhaps fabrication of V02
nanoparticles since they are more resistant to annealing times. Finally, we see that
electron-beam evaporation shows the potential to produce very smooth films for annealing
times of less than five minutes, making it an excellent low-thermal-budget deposition
method for VO; films (and potentially nanoparticles as well) in optical and electronic

applications.

A.3 HOLE-MASK COLLOIDAL LITHOGRAPHY

The following fabrication protocol follows very closely that of the first experiment
demonstrated by Fredriksson et al.Z2. Schematics of the protocol are illustrated in figure A.3
and A4.

Glass substrates were spin coated with PMMA film (Microchem Coorporation, 2 or 4
wt % PMMA diluted in anisole, MW = 950000, RPM of 4000233) onto a clean surface and
baking (180 °C for 90 seconds on a hotplate). Reactive oxygen plasma treatment (2
seconds) of the PMMA to decrease the polymer film hydrophobicity and avoid dewetting of
this surface during subsequent polyelectrolyte and particle deposition steps, which might
cause particle inhomogenity in the particle distribution. We then provide a net charge to
the PMMA surface by pipetting a solution containing a positively charged polyelectrolyte
onto the film (poly-diallyl-dimethyl ammonium (PDDA) MW 200000-350000, Sigma
Aldrich, 0.2 wt % in Milli-Q water, Millipore), followed by gentle rinsing with de-ionized
water in order to remove excess PDDA and subsequent drying in an air/nitrogen stream.

Deposition by way of spin coating (RPM 500 for 1 minute) of a water suspension containing
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negatively charged polystyrene particles (sulfate latex, Interfacial Dynamics Coorporation,
0.2 wt % in Mili-Q water; microsphere diameter of 84 nm), followed by drying in a similar

fashion as before. This leave the PMMA surface covered with uniformly distributed PSS

(figure A.3. - step 4).

(1) RIE (2) Spin- (3) Colloid (4) (5) Tape (6) RIE
Coat PDDA Deposition Deposition Stripping

e NP =79nm

Figure A.3. Fabrication Protocol for the Hole-Mask Colloid. Explanation of each step is
found in the text. SEM of step 4 and 5 and are shown, depicting the uniformity in the size of
the nanospheres and the resulting mask after tape stripping. The size of the NPs that are

fabricated relies completely on the size (and size distribution) of the PSS.

Evaporation of a thin, oxygen plasma resistant film such as Au (20 nm) for example
is performed. The PSS are then removed by tape stripping (SWT-10 tape, Nitto Scandinavia

AB). This results in a mask with holes arranged in a pattern determined by the self-
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assembled colloidal particles. Transfer of the hole-mask pattern into the sacrificial layer via
an oxygen plasma treatment that effectively removes all PMMA situated underneath the
holes in the film, leaving the surface covered with a thin film mask supported on the
perforated PMMA film. In this step, careful optimization is required so as to exactly remove
the desired PMMA thickness. Such a calibration is performed as shown in figure A.5, noting
that this procedure is specific to the equipment used and the number of samples placed in

the chamber.
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Figure A.4. Etching Rate of PMMA. The etching was performed at VINSE with etching
conditions of 150 W, 25 mTorr, 98 sccm O». Data collected by Yuanmu Yang.
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Varying deposition conditions
Figure A.5. Fabrication of Hybrid Nanostructures by Hole-Mask Colloidal

Lithography. Varying the deposition conditions (material sequence, angle of deposition

and thickness) can result in fabricating a large assortment of hybrid nanostructures.

Following this etching step (6), deposition of the plasmonic material (or phase-
change) is performed, followed by standard liftoff process, as elaborated in Chapter 3 and
4. Such a sample, where only 10 nm of gold was deposited is shown in figure A.6.

In conclusion, we have discussed a relatively simple bottom-up fabrication process
that can be used to create hybrid nanostructures at wafer scale. Although not attempted
yet, this technique has the potential to create complex functional nanoarchitectures such as
those shown in reference and . In addition, a major advantage of this method is that all the
nanoparticles fabricated on the same sample have a very narrow size distribution as they

have undergone the same physical or chemical treatment.
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Figure A.6. Effect of Film Morphology on the Optical Response. (a) Simulated extinction
response for the VO2 rod-like grain and nanoparticle chain structures in insulating and
metallic states. We note that the chain of nanoparticles have greater extinction in both

metallic and insulating state within the detector range.

A.4 CONCLUSIONS

Although the stage of combining these two techniques (electron-beam evaporation of VO;
with HMCL) is still at its infancy, one can already see the potential for fabrication of such
cost-effective, reliable active substrate. Moreover, slight variations in the deposition
conditions (for e.g. thickness, deposition angle and materials) can provide highly tunable
template spanning the visible-NIR spectral range. More importantly perhaps, by varying
the size of the PSS used, fabrication of samples having varying VO2 nanoparticle sizes can

be easily realized, accompanied by its corresponding size-dependent switching properties.
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APPENDIX B
STUDIES OF DEPHASING (T2) IN ACTIVE HYBRID NANOSTRUCTURES:

PROBING ELECTRON DYNAMICS BY TIME-RESOLVED SPECTROSCOPY

B.1 INTRODUCTION
For a better modulation or sensing scheme, one needs to understand the fundamental
interaction between a metallic nanostructure and its (phase-changing) environment (eqn
1.8). As mentioned before, the resonance condition for collective electron oscillations in
plasmonic metallic nanostructure is determined by the shape, size and dielectric function
of the metal and the surrounding environment. The spectral linewidth, if measured at the
single nanoparticle level,Z2 provides a quantitative measure of the electronic dephasing -
one of the fastest processes governing the first few-femtosecond initial interaction of the
optical field with the metal.334335 As an alternative to single-particle nanospectroscopy for
extracting indirectly the homogeneous linewidth in the frequency-domain (discussed
extensively in §1.2.2b and Chapter 1), such measurements can be carried out also in a time-
resolved fashion and on arrays of similar nanostructures using second-order
interferometric autocorrelation. From such a measurement, one can obtain the
homogeneous linewidth of the system, its corresponding Q-factor and the electromagnetic
enhancement.

In the following sections, we report on initial studies of dephasing measurements
showing how to fit and interpret the experiments. This may provide a general scheme for

understanding the dynamics of hybrid nanostructures on the most fundamental timescale.
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B.2 EXPERIMENTAL SETUP

In order to accurately record ultrafast processes such as dephasing with a characteristic
lifetime of about 10 fs, two-pulse interferometric autocorrelation336337 is required to probe
directly the coherent electron oscillations of the plasmonic nanoparticle. The setup is
depicted in figure B.1. and B.2. To ensure accurate timing of electron dephasing, the two
identical pulses that are used must have fluences below 25 pJ/cm? so as to minimize the
risk of free-electron heating201.207,

As shown in figure B.2, we use a BBO crystal to record the resulting second
harmonic that is created in the crystal as the two pulses interact. Since the BBO response
may be considered to be instantaneous, the second harmonic measurement provides an
accurate temporal measurement of the pulse. However, the correct deconvolution requires
a few assumptions about the pulse shape as discussed in the next section. In addition, a
novel technique to retrieve information about short pulses without any assumptions about
the pulse profile and its duration will be presented. This technique is termed
interferometric frequency resolved optical gating (iFROG) and was developed during the

same time frame as the work by Anderson et al.333,
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Figure B.1. Schematics of the Second-Order Interferometric Autocorrelation Setup.

This is similar to the photograph of figure B.1. Also, the frequency resolved optical gating
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(FROG) measurement can be compared to the second-harmonic generation of the BBO

crystal in the interferometric autocorrelation scheme.

incoming beam outgoing beam

Translational Stage

Figure B.2. Photograph of the Second-Order Interferometric Autocorrelation Setup.
The incoming beam is split into two identical pulses of equal energy at beam splitter BS1.
While one of the pulses follow the path BS1-M;—M3—BS2, the other one follows
BS1->M2-M3-BS2. Since, M2 and M3 are found on a translational stage, the path length of
the later pulse can be changed very precisely. The pulses with collinear path thereafter

interact at BS2.

After this pair of pulses has been characterized, the BBO is then replaced by the plasmonic
sample of interest. For these experiments, we typically fabricate a 100 x 100 pum? array of

non-centrosymmetric “L-shaped” Au nanostructures (I = 150 nm; w = 75nm; h = 23 nm) that
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is resonant with our 808 nm laser wavelength. Example of such a nanostructure is depicted
in figure B.3. Such nanostructures are chosen to achieve high second-harmonic generation
efficiencies with low excitation fluences. Although the signal is very weak, it is still
detectable in the forward direction and accurately measures the dephasing time of
plasmonic nanostructures. Here a similar deconvolution process is used as before to
extract the lifetimes, with only one additional component: incorporating the response
function of the resonant nanoparticle when driven by the laser pulse. One can think of such
a process as a plasmon near-field interferometry that is dictated by the intrinsic lifetime of

the nanostructures when driven resonantly by the electric field of the laser pulse.
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Figure B.3. Non-Centrosymmetric Second-Harmonic Generating Nanostructures. SEM
of “L-shaped” Au nanostructures with typical length and width of 150 nm and 75 nm,
respectively. Second-harmonic spectrum of those nanostructures. Note the very small

leakage of the 808 nm laser light.
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Figure B.4. Experimental Interferometric Second-Harmonic Trace Generated by BBO
Crystal. Second harmonic intensity as a function of delay stage between interferometer
arms normalized to the background SH. The inset shows a magnified region in time domain
displaying the perfect constructive and destructive interference obtained at the zero delay
and at half the optical cycle, respectively. Note that the stage resolution also satisfies the

Nyquist limit (~ 0.5 fs) and appropriate sampling of the SH signal is therefore carried out.
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B.3 SIMULATING SECOND-ORDER INTERFERROMETRIC AUTOCORRELATION

B.3.2 Theoretical Background

In this section, we discuss the key equations that lead to the code for plotting the second-
order interferometric autocorrelation. This derivation has been compiled from several

references, including mainly work done by Diels et al336338, Lampretch et al

49.50.71.72,334,339and Stelnmeyer et al' 340-34—4.
First, consider a balanced Michelson interferometer where the input pulse has been
split equally and the electric fields of the two pulses interact with each other.

The electric field takes the form:
+ 1 ipo ,ip(t) icwet l fwet
ET(t) = 55(1‘)6’ 0P Pt — Eg(t)e ¢

where w is defined as the carrier frequency, 6(t) is a time-dependent phase, €(t) is the
complex-valued electric field and €(t) is the real field envelope. The constant phase e'%° is
typically referred to as the carrier to envelope phase.

One can solve for the intensity at the output due to the interference of the real fields
on the detector by using E = E;(t — 7) + E,(t), where 7 is the time delay. Therefore, the

intensity at the output of the interferometer averaged over one optical cycle T, is given by:
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Realizing that the measured signal has been averaged over the slow detector response, the
equation above simplifies to the average intensity (I) where the pulse fluctuations have

also been averaged out:

Tir) = 2 l(r‘fﬂ +(E3) + (ST(r — D&MD + E1(1 — 1) *;(,)E,—fwerH

= eocn {A11(0) + Axn(0) + AT, (1) + AL (D)}

The correlation A%, and A7, arise due to the interaction of the two electric fields acting on
each other. This correlation is called the first-order field correlation, while the nth

correlation has the general form of:

Au(r) = [ I(NI"(t — T)dt

—00
Therefore, the first order autocorrelation function is given by:

~ 1 o - .
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Since the Fourier transform of this autocorrelation only provides only information about
the spectral intensity of the pulse, a first-order autocorrelation provides no other
information that a spectrometer would. On the other hand, if we now add to this detecting
scheme a second harmonic crystal (while filtering the electric field from the fundamental

beam), we obtain the second-order interferometric autocorrelation, that is given by:
2
> dt

This can be solved (replacing by the electric field and performing the averaging) to yield

Gz(f)Zf <)[151(1‘—T)+E2(F)]2

—00

the following:

Gal) = A(r) = Ag() + Re [A1(0)e ™7 + Re [ Ax(r)e 27|
where the various correlation functions are now given by:
> 2
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The purpose of this deconvolution is to emphasize the fact that there are three terms.
While A, (7) contains the background and the intensity autocorrelation, the term A;(t) and

A, (7) contain information about the phase of the pulse and is used to determine the degree
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of chirp in a pulse. In order to gain deeper insights into this, let’s look at two extreme
conditions, that is when 7 = 0 andt = oo, resulting respectively into 16 X f €4(t)dt and
2 X [ €*(t)dt, as plotted in figure B.5. This results in a systematic peak to background ratio
of 8:1 for the second-order interferometric autocorrelation. In the case of the intensity
autocorrelation alone, this corresponds to a 3:1 ratio. Thus, correlation of the second-
harmonic fields adds to this ratio and contains the required information about the phase of
the pulse. This second-order autocorrelation signature (as for every autocorrelation
actually) is symmetric and the shape and phase sensitivity can be used to test whether or
not phase modulation is present in the field (linear or quadratic chirp).

Second-Order
Interferometric Autocorrelation Laser vs. Plasmon field

X
electron plasma

/ oscillation

J

16!3‘(r)dr=

(= j|{—:(r)+ g(e+r)de

......
.....

_[|g(r)—g(r+ ) dr
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-
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Delay, t Delay,

Figure B.5. Autocorrelation fields. Second-order interferometric autocorrelation
highlighting that the ratio between its peak to its background is 8:1. The plot to the right is

a comparison between the electric field of the laser and the resonant nanoparticle.
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From this electric-field/electric-field interaction, one can now add the resonant
response of the nanoparticle as it reacts to the field and interfere coherently. Such plasmon

interferometry, first treated by Lampretch et al, can be described as follows:

(o) t
1 .
Isag = / < /w_OEpulsel ) e " ) gin [wo (t — )] dt*
+

t 2|2
! * —y(t—t") . * *
— BEputee (E* + 7)€ sin [wo (t — ) dt*] dt
wo

oo

where (i) Epuiser = Epuisez = secant square pulse with a duration of 23 fs and (ii) y = 1/27 (tis
the oscillator energy decay time). This equation is hereby implemented in the code below,

treating both the resonant and non-resonant cases of the nanoparticle.

B.3.2 Code
We present here the Matlab code that can be used to generate nth -order interferometric

autocorrelation pattern. Here we focus mostly on the second order one.

% % %% %% % %% % %0 % % %0 % %0 %0 % %0 %0 % %0 %0 %6 %0 % % %0 % % %0 % % %0 % % % % %o
% CODE START: Parameters for the laser - Secant hyperbolic

% % %% %% % %% % %0 % % %0 % %0 %0 % %0 %0 % %0 %0 %6 %0 % %6 %0 % % %0 % % %0 % % % % %o
c =3e8; % Speed of light [m/s]

fs=1e-15; % For time conversion
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nm = 1e-9; % For length conversion

AC_order = 2; %nth order autocorrelation

tp = 23*fs; % pulse duration of Ti:Sapphire
wavelength =808; % give wavelength in nm

wl = 2*pi*c/(wavelength*nm); % center frequency for the laser

phiO =0; %the pulse interaction with matter depends on phiO

phi = 0; % phase dependent pulse

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%

% Parameters for the NP dephasing time

%

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
wavelengthReso = 808; % give wavelength in nm

w0 = (2*pi*c)/(wavelengthReso*nm); % center wavelength for the NP
dephasingTime = 10*fs;

gamma = 1/(dephasingTime);

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%

% Parameters for the “translation stage”

%

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
delay_step = 0.25; % STAGE DELAY in fs

delay_spread = 200;

tStage = (-delay_spread:delay_step:delay_spread)*fs;

time_spread = 400; % Time window that we integrate over

time_step = 1;

t = (-time_spread:time_step:time_spread)*fs;
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%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%

% Initialization of data vectors

%

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
G2 = zeros(1,length(tStage));

PLT = zeros(1,length(tStage));

PL = zeros(1,length(t));

%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%
% Testing just the autocorrelation calculation
%
%% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
for p1 = 1:length(tStage)

tdelay = tStage(p1);
EPulse_1 =
(1/2).*(1./cosh(1.763.*(t./tp))).*exp(1i*phiO).*exp(1i*wl.*t).*exp(1i*phi.*t)+
(1/2)*(1./cosh(1.763*(t./tp))).*exp(-1i*phiO).*exp(-1i*wl.*t).*exp(-1i*phi.*t);
EPulse 2 =
(1/2).*(1./cosh(1.763.*((t-tdelay)./tp))).-*exp(1i*phiO).*exp(1i*wl.*(t-
tdelay)).*exp(11i*phi.*(t-tdelay))+ (1/2)*(1./cosh(1.763*((t-tdelay)./tp))).-*exp(-
1i*phiO).*exp(-1i*wl.*(t-tdelay)).*exp(-1i*phi.*(t-tdelay));

G2_pa = (((EPulse_1 + EPulse_2)."AC_order)).*2;
G2(p1) = sum(G2_pa)/length(G2_pa);

end

figure(1),clf
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plot(tStage,G2/G2(1))
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
%
% Calculation including plasmon field
%
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
for p1 = 1:length(tStage)
tdelay = tStage(p1);
for p2 = 1:length(t)
tt=t(1:p2);

EPulse_1s =
(1/2).*(1./cosh(1.763.%(tt./tp))).*exp(1i*phiO).*exp(1li*wl.*tt). *exp(1i*phi.*tt)+
(1/2)*(1./cosh(1.763*(tt./tp))).*exp(-1i*phi0).*exp(-1i*wl.*tt).*exp (- 1i*phi.*tt);
EPulse_2s =
(1/2).*(1./cosh(1.763.*((tt-tdelay)./tp))).*exp(1i*phiO).*exp (1i*wl.*(tt-
tdelay)).*exp(11i*phi.*(tt-tdelay))+ (1/2)*(1./cosh(1.763*((tt-tdelay)./tp))).*exp(-
1li*phiO).*exp(-1li*wl.*(tt-tdelay)).*exp(-1i*phi.*(tt-tdelay));

plf = exp(-gamma.*(t(p2)- tt)).*sin(w0*(t(p2)- tt));
plf_total = (EPulse_1s + EPulse_2s).*plf;
PL(p2) = sum(plf_total);

end

PL2 = (PL.*AC_order)."2;
PLT(p1) = sum(PL2)/length(PL2);

end

av =sum(PLT(1:30))/30;

figure(2), clf
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plot(tStage,PLT/av)

%% %% %% % %% %% % %0 %0 %0 %0 % %0 % % % % % % % %6 % % % %6 %0 %0 %0 %0 % % % % %0
% CODE END
9%0% % % % % % %% % % % %0 % %% %0 % %6 %0 % % %0 % % % %0 % %6 %0 % % % % % % % % %

g T T T T T
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Pulse duration=23fs
r Center A= 800nm -
tStage=0.31s
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Second Harmonic Ratio
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Figure B.6. Simulated IFRAC of an Optical Pulse. Simulated interferometric
autocorrelation (envelope + fringes) of an 800 nm light pulse of 23 fs in duration. The stage

step size was set to 0.3 fs.
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Figure B.7. Resonant vs. Non-Resonant Response of Nanostructures. Simulated optical
responses for a nanoparticle on and off resonance (red) with a characteristic dephasing
lifetime of 20 fs when interacting with a laser light of 800 nm (blue). We note that in the
case of the resonant nanoparticle, the lifetime is dictated by its intrinsic lifetime while in

the off-resonant case, the response resembles that of the driving laser pulse.
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B.4 PROBING INTRINSIC ELECTRON DYNAMICS OF NANOSTRUCTURES

As mentioned before, such time-resolved experiments are designed to understand the
dynamical processes in nanostructures of thin films with minimum assumption about the
near field environment. Here we discuss the beginnings of two experiments aim at
understanding size effect and variation of the nanoenvironment on the coherent electron
oscillation of plasmonic nanostructures.

In the first experiment, we perform interferometric autocorrelation on quantum size
metallic (Au) nanoparticles. Due to the very low second harmonic yield, the nanoparticles
were arranged in a superlattice geometry and had an average size distribution, centered at
~ 2, 4 and 8 nm345346, Due to the asymmetry of the nanoparticles and slight variation in
their size distribution, a weak but detectable second-harmonic generation could be
recorded in the forward direction. Thus, time-resolved second harmonic measurement
could be obtained as shown in figure B.8. Extracting the second harmonic only at its central
wavelength (thus at its maximum as well) and analyzing the data in a similar fashion as
described in the previous section, we obtain a dephasing time of ~ 8 fs for the 4 nm Au
nanoparticle. This is in good agreement with previous results and future experiments will
investigate the dephasing lifetimes of smaller sized nanoparticles (2, 4 and 8 nm). In these
cases, the goal will be assess the role of both chemical interface damping and increased

electron scattering at the boundary, known to be of upmost importance at this length scale.
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Figure B.8. Dephasing Measurement of Au Superlattices. (a) TEM of the 4 nm Au
superlattice in top and (b) side view configuration. (c) Dephasing measurement of the
sample. The black line is the envelope of a chirp-free pulse (20 fs) necessary for the correct

timing. Dephasing time of ~ 8 fs were obtained for this sample.

In the second experiment, we investigate how spatial fluctuations of the nanoenvironment
can affect the optical response of the nanoparticle (or nanoantenna). Here as a means of
spatially varying the nanoenvironment of the nanoparticle we use VO that can, at the onset
of the phase-transition, have metallic and insulating domains coexisting, as shown in Figure
B.9 (§ 1.3.2c). Thus, at each temperature point during the phase transition, second-
harmonic interferometric autocorrelation measurements will be taken to extract the
dephasing lifetime of the nanoparticle. Since the measurement directly connects to
dynamic due to its time-domain specificity (in contrast to frequency measurement), an
array of similar nanoparticles can be used. This serves therefore as a complement to the

single nanoparticle studies of Chapter 2. Thus, this potentially could provide insights on the
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physical mechanism at play for the peculiar enhanced scattering observed at the onset of
the phase-transition (Chapter 2). Although time-resolved measurement is necessary to
obtain conclusive analysis about the change in homogeneous linewidth of such hybrid
system, initial static measurements on the plasmon resonance wavelength and of its
corresponding FWHM linewidth of the gold particle plasmon at various temperatures
between the cold (insulating) and hot (metallic) states of the VO: clearly shows an
increased linewidth at the onsets of the phase transition. This corresponds to a decrease in
the lifetime of the coherent electron oscillation, potentially suggesting the change in

oscillation pattern by spatial alteration of the surrounding medium.
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Figure B9. Linewidth Hysteresis of Hybrid Nanostructures. (a) Schematics depicting
the spatially varying domains of VO: (metallic or insulating) as a means to spatially alter
the electron oscillation in the plasmonic nanoantenna. While the plasmonic hysteresis
mimics the VO; phase transition, the FWHM linewidth shows an increase at the onset of the
phase transition. This corresponds to a decreased in the dephasing time of the

nanoparticles.
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B.5 GENERAL SCHEME FOR INTERFERROMETRIC 2rd-ORDER AUTOCORRELATION

FOR SECOND HARMONIC GENERATING NANOSTRUCTURES

o RAW DATA

Intensity

I

L

delay (fs)

SH A (nm)

o CENTER + NORMALIZED

420
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380
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Figure B9. iFROG Scheme for Extracting Response Function of Nanostructures. (1)
Second harmonic raw data is collected as a function time delay. (2) The data is centered,
normalized and Fourier filtered. (3) A Fast-Fourier Transform (iFFT) algorithm is used

along the delay to extract only the DC baseband. (4) This selected data (dotted lines) set
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undergoes thereafter an iFFT and is used as the input into a typical frequency resolved
optical gating software (for e.g. FROG3) to evaluate the electric field and response function

of the nanostructures.

In the previous sections of Appendix B, experimental interferometric second-harmonic
measurements (BBO or nanostructures) were obtained either by averaging the second
harmonic response (use of PMT or GaP detector) or by extracting only its center
wavelength (when using a spectrometer), while assumptions were made about the driving
laser pulse as well to extract dephasing lifetime. In the scheme presented here, we take into
account the entire bandwidth of the pulse and its corresponding generated second
harmonic bandwidth to extract the lifetime. Thus no assumptions are made about our
exciting pulse and its corresponding interaction with the nanoparticle. This
characterization technique was first developed by Steinmeyer for use in laser diagnostic
only. However, this concept to retrieve the nanostructure response by such interferometric
fashion is more robust and provides greater physical insights about the response of

complex hybrid nanostructures, both its phase and intensity, as shown in figure B.10.
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