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PREFACE

"What | cannot create, | do not understand"

~ Richard Fgnman, 1965 Nobel Laureate

The quest for understanding ligit-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 fagtight exhibits the right
amount of interaction with matter. Put more scientifically, light quanta lies in the enesg
range of electronic and vibrational transitions in mattet. For this reason, experiments with
light are intuitive and help us to consciously andationally connect abstract ideas
Nowadays, the detailed study of lighinatter 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 phototom interaction
has been greatly challenged. However, thanks to the progress in nanotechnology, scientists
are now able to routinely tailor, measureand manipulatethe 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, implyg their potential prospect

in technological applications. Some of the recent hevements in the field of naneoptics
IX



are highlighted in figure P1, where nanostructures were tailored to provide unique optical

phenomena such as lasing in a single livingelt 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;(b) Single
tailored nanofocus for enhanced gas sensing(c) 3D optical metamaterial for negative
refractive index;2 (d) Gold helix for broadband circular polarizer? () Roomtemperature
sub-diffraction plasmonic laserg (f) Singlecell biological laser? (g) Nanoantenna coupled
to a quantum dot for directional emissiong (h) 3D plasnonic rulers to determine distances
within chemical or biological species? (i) Atomic graphene layer for optical broadband
modulation;12 (j) Optical monopole antenna for directing singlemolecule emissionil (k)

Carpet cloak made of dielectric&2

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 z based onquanta of plasmon oscillationsderived from coupled
electron-photon modes z is achieved by using the kinetics and dynamics of a phase
transforming material. This work demonstrates precisely how @inctionality hinges on the
expertise in tuning the spatial and temporal featuresof a quantum material vanadium
dioxide (V). Sincethese quantum materialsi ££A O | A btd corfrel imhcloskopic
phenomena sich ashigh-temperature superconductivityl3, colossal magnetoresistancé,
multiferroicity 15 or metal-insulator transition 16, this thesis could potentially be generalized
to the study of other chsses of hybrid nanomaterials. For example, one of such studies
could be the coupling of magnetic responses of spilitng resonator metamateriallZ with
manganites to enhance or control magnetic dipole transition®. We devote this thesis to
studying the insulator-to-metal transition in VO, and its role in optimizing modulation of
plasmonic functiondity in confined nanoscale volumes and on an ultrafast timescales
Fundamental intrinsic properties such as electrorelectron interaction, electronphonon
coupling and electrongrain-boundary scattering, intimately connected to phenomena such
as defectmediated 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 orthe ultrafast manipulation of such systems.
Since the ultimate goal is devicéntegration, we introduce in this chapter a novel and
reliable deposition method for producing thin films and nanostructures of V@ using

electronrbeam evaporation Combinedwith the versatile holecolloidal mask lithography
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techniquel? (Appendix A), costeffective and large surface areas (chtompared to un?) of
active substrates could thereafter be implemented in onchip sensors, catalytic
nanodevices or for fundamental ultrafast studies of sizelependent 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 electrofbeam lithography for precision.

In Chapter 2, we demonstrate the proofof-principle that modulation and
consequently interrogation can be achieved even at thével of thesingle plasmonic
nanocantenna. Incidentally, the sensitivity of our detection system hints towards potentially
probing electron scattering mechanisns at grain boundaries of theVQ®, domains and at the
onset of the phaseransition, that is in the region of strong electron correlation. More
importantly, this suggests hat near-IR scattering spectroscopy of individuals vanadium
dioxide domains could provide tremendousamount of information on the switching
properties of other quantum materials.Chapter 3 illustrates this concept by demonstrading
that plasmon resonancespectroscopy when combined with electrorbeam lithography can
be an exquisite method for probing theintrinsic properties of single pristine V@
nanostructures as a function of their shape, morphology or interfaces. This chaptas
devoted to understanding the properties of the nanostructuredvG only and at the single
domain level. Effect of homointerfaces and defects will be discussed in relation to the novel
size-dependent optical switching. M@t importantly, domain-boundary engineering to

tailor state-of-the-art phase-changing devices is highlightd.
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Having gaired insights into VO properties from previous chapters, Chapter 4
provides a detailed description of various hybrid plasmonic/phasechange architectures
that can provide greater modularity while displaying relatively high Qfactors. First,
plasmonic nanodisks on active VOfilm exhibiting a single resonance are investigated,
followed by stacked plasmonic/PCM nanodisksSince VQ films are highly absorptive,
fabricating sandwiched nanoparticles is an ideal solution in achieving large modulation
contrast 7 as large as 230 nm between the two stateg while reducing absorption
drawbacks. This is made possible due to the high change in dielectaontrast of VQ, even
when used in rather small quantities. Thereafter, more complex geometries exhibiting
anisotropic electron oscillations such asin a split-ring resonator (SRR) structure are
studied. The SRR proves not only to be polarization selectideut also whose spectral
responses can be individuallynodulated thanks to the sizedependent switching of VQ. In
order to emphasize the point that only a small amount of PCM is needed, we explore the
effect ofmodulation at a distanceby placing a phasechanging nanostructurenear z but not
touching z a plasmonic one. Using a threstagelithographic procedure, we showexquisite
control by placing this phasechanging nanostructure in each unit cell of a twaimensional
gold nanoparticle lattice. This carbe extended to the study oplasmonic assisted switching
of phasechanging materialwhereby the nanopatrticle electromagneticfocus is tailored such
that the high electromagnetic energy enhancement in the reactive nedield of the
nanoantenna assists or iterrogates the switching mechanism. Recently, an enhanced gas

nanosensor based on similar principles has beeiemonstrated:.

Xiii



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 aredriven out of equilibrium. Although ultrafast
i AOAOEAI 08 ®meénbnkestigdicll tr niadyulk single crystals and thin films,
OEEO EO OEA EEOOO AgpPAOEI AT O O OEA AAOO
interactions between a plasmonic material and a PCM simultaneously at nanometer length
scales and on a €mtosecond timescaleln so doing, a novel mechanism involving plasmen
induced hot-electron injection from the metallic nanostructure triggering the VQ phase
transition is reported. This all-optical ultrafast demonstration of switching in PCM via
electron injection paves the way tooptically induced electronic§OIE)29, with the potential
of tailoring nanostructures exhibiting strong plasmonic or Fano resonance for wavelength
dependent and efficient dynamic charge dopingilthough much of this study deals withithe
fundamental aspecs of the switching mechanism, such an experiment has a broader imgac
with the potential technological demonstration of an ultrafast broadband switcloperating
at THz speeds

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

time delay. From those O x A-B &1 Axfed@surements, coherence lifetime T2, can be

Xiv
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extracted. Such experiments would be conducted nearthe threshold for switching in order
to resolve the dynamics of enhanced scattering either in pristine VO, nanoparticle arrays
IO A OETCIA 10 1AT I Bubsr@dzAiridg th® anBed Offinie Cadsitioni
Furthermore, studies to elucidate the defectmediated nucleation process andhe intrinsic
size limit for switching VO are natural follow-on of chapter 3. For example, highesolution
transmission electron microscopy of quanturmsized stoichiometric nanocrystals of V@
trapped between graphene layes while undergoing phase transformation could be
performed, similar to experiments by Yuket al.and Schollet al. 2122, Finally, plasmonically
enhanceal nanoscale energy transfer mechanismas shown in chapter 5 provides food for
thoughts about tailoring other hybrid nanomaterials that could lead taall-optical switching
and control at optimal switching thresholds. Understanding each component, both
separately and when strongly coupledis a crucial step toward achieving transistortype

optical nanodevices for manipulatng the propagation, absorption andemission of light.
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CHAPTER 1

INTRODUCTION

O4EA 1100 AGAEOET ¢ &he dtehhe@lis néwldibdoveries, OAEAT A
isno0 OOOAEAd AO® O4EAO0GO0 AOTT U888

~ |saac Asimov

1.1 ABSTRACT

The miniaturization of photonic circuits lies at the foulAAOET T 1T £ O AAUGO 11
data processing and telecommunication technologies. Plasmonics, the studytlo¢ optical
properties of metallic nanostructures is an exciting new device technology and hadhe
promise of the next generation of circuitswhich interfaces both electronic and photonic
components in a single chig. As shown inFigure 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 overcomeg the ability to guide light in sharply curved waveguides and
the need to modulate these signals inugh spatially confined spacesAlthough such signals
can be sucessfully guided by using surface plasmons as information carriers, modulating

these signals inhighly confined nanoscale volumes remains a major barrier.
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interfaces both electronic and photonic components in a single chip, thus enabling such

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

This chapter serves two purposes: it highlights the fundamental concepts in
plasmonicsand more importantly, introduces quantum materials22 as the most promising
medium for creating functionality in nanodevices Here the focusis on prototypical, indeed
canonical, vanadium dioxide (VQ) whose properties both in the equilibrium and non
equilibrium limit s can be tailored as a function oize, shape and morphology. Thus, ¥O
pOT OEAAO | AT Uecodffgirdbifityd BloreBrodily, this dissertation shows that a
deeper understanding ofthe symbiosis of plasmonics and quantum meerials z both at the
nanoscale and at ultrafast timescalg is necessary forthe integration of reconfigurable

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



of the necessary fabrication and characterization toolsyovel properties in both fields were
discovered, giving birth to newfields such as metamaterials. This fact iglustrated in
Figure 1.2 that shows exponentiagrowth in the fields of plasmonics, metamaterials and
PCMVQ. The physics of such materials wa discovered anddescribed 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 microsopy (SEM or TEM), focused ion beam

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

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

4



dispersion relation in 1966 by RitchieetalzZandh OEA OAOI comediindl@ad byl EA O 6
Brongersmaet al28 (b) Metamaterials first described t