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CHAPTER 1

INTRODUCTION

1.17 Introduction

This dissertation explores the dipole and quadrupole interactions bdbewakred
surface plasmons and a phasanging environment, the specificoperties of these hybrid
materials, and the challenges inherent in fabricating these complex structures. Thetemmbina
of plasmonics with a phasmanging material offers a rich span of phenomena for examination,
including the formation of coexistingaterial phases, hydrogen doping, and switchable
plasmonrinduced transparency. The cohbtriions to the understanding of galdnadium

dioxide Au-VO,) hybrid structures discussed in this dissertation are as follows.

Hydrogen dopingf VO, probed with Aunanostructures

Atomic hydrogen is sensed by optically probing the plasmon resonance of Au dimers embedded
in a VO, film for the first time. It is observed that with increased hydrogen doping, the pure VO
metallic state optical properties are retainad the insulating state optical properties

continuously change to become like those of poegallicVO,. It is also observed théhe
phasetransition temperature is lower for hydrogen doped YHan for pure V@ but the

temperature does not signifithndecrease with increased hydrogen doping. It is also found that
the timedependent hydrogen doping of Y@as two distinct timescale and that their relative

contributions are dependent on the temperature during hydrogen doping.



Novel phase coexistenae VO, single crystals probed withSNOM:

A novel pattern of coexisting metallic and insulating domains of M@ lowaspect ratio V@
single crystal is observaging scatteringcanning neafield optical microscopy ¢€SNOM).

The physics underlyinthis pattern is connected to the physics and pattern observed ithiiO
films. This pattern has never before been studied onsif@le crystals. It is determined, for
the first time, that the coexisting M and | domains in,\égle crystals do not &nd

throughout the entire depth of the crystal, but rather are -digpéndent and nucleate below the

crystal surface using plasmons on the crystal surface as probes of Appbage transition.

Active Plasmorinduced Transparency examined with siatigns

Active PIT hybrid AuVO, dolmen nanostructures are simulated. The structure parameters are
tuned to improve the switching contrast and determine that the sharpness of the resonance cannot
be optimized while simultaneously optimizing the resonaihif over the phase transition. A

stacked dolmen nanostructure is fabricated with dimensions that produce actibasé@ upon

simulations.

Contributions to thedbrication and characterizatiohhybrid AuVO, nanostructures

A method is developed tpattern Au nanorods atop Y8&ingle crystals. The optimal deposition
method to make V&¥ilms with low scattering on top of Au dimers is discussed. A method is
developed to fabricate stacked-Xd, nanostructures with a variety of sizes and shapes asing

single layer of electron beam lithography.



1.27 Plasmonics

1.2.17 Brief Introduction toPlasmonics

The properties of plasmonics particle have been applied far before anyone knew why
these properties occurred regarding the underlying phyAitisans as far back as th8 4
century in Rome added small amounts of metallic powder to glass to produce bright colors for
use in stained glass windows and to produce the dichroism observed in the Lycurgus Cup. In the
case of the Lycurgus cugold-silver alloy nanospheres with diameters between 50 and 100 nm
comprising less than 1% of the cup were incorporated into the glass during fabrication. This
causes the cup to appear green when illuminated from the outside and red when illuminated from

the inside. IrRef.[1], there is a detailed report on the composition of the cup and its history.

Figure 1.1- Stained glass window from the | Figure 1.2- Glass cup from"4century Rome,
Cathédrale Notr®ame de Paris made the called the Lycurgus Cup. lllumination from
13" century. Reproduced froniRef.[2]. the outside (a) produces a green color, but
illumination from the inside (b) produces a re
color. Reproduced fronkkef.[1].

Michael Faraday, when examining the ruby color of colloidal gold particles in solution,

proposed that the cause of the color was light interacting with particles smaller than could be



seen in any microscopes which existed at that.fBné] This proved to be the case when gold
colloids made with the same methods employed by Faraday were examined later and determined
to containgold (Au) nanoparticles with 6 = 2 nm siZd]

Gustav Mie developed f or mal i sm based topredidithex wel | 6s eq
absorption and scattering of spheres of a random radius embedded in a medium with a random
index of refractiorf5] He was not the firdb develop a mathematical description of light
interacting with small sphereas this was independently developed by Ludvig LofénZ] but
he didpredictthe existence of multiple resonances (referred to as Mie resonances) that were not
accounted for with Rayleigh scatterifg 8] He also usetiis mathematical formalisto study
Au nanospheres in liquids and predicted what are now known to be localized surface plasmon
modes in metal nanoparticles. Extensions watesequently developed building ks theory to
allow the resonances nhnopatrticles with shapes such as ellipsoids and cylinders as well as
larger nanoparticle® be calculatef©-11] Improvements in computational modeling to
examine the interaction of light \hihanoscale materials have allowed the simulation of more
complex geometries (coupled particles, 1spierical or ellipsoidal shapes) and contributed to

the resurgence of plasmonics in recent years.

1.2.2- Physics of the Localized Surface Plasmon Resonance

A plasmon is a collective oscillation of free electrons in a material induced by light with a
wavelength where the driving frequency matches the resonant frequency of the system of free
electrons. In thease of metal nanoparticles, the oscillation is localized to the nanoparticle and
moves back and forth along the particle in the direction parallel to that of the exciting electric

field. As with other harmonic oscillations, the electrons spend thetm@sat the turning points



of their orbits that is, the edges of the nanoparticle with the restoring force provided by the
nearly stationary atomic nuclei in the metal. The resonant oscillation of electrons on a metal
nanoparticle is referred to as adtized surface plasmon resonance (LSPR), and is the plasmon
resonance of relevance for this work.

The excitation of @lasmon resonande a hanoparticl®y light results in two major
phenomena. The first is that scattering and absorption of the fitite eesonant wavelength are
increased. This is because the scattering and absorption cross sections increase when there is a
resonance in polarizability since they are proportional to each other as desciafd 112].

The second is that the electric field near the nanopatrticle is enhanced due to the presence of large

numbers of electrons at the edges of the nanoparticle during resonance.

1.2.31 Influence of Nanoparticle Material otaBmon Resonance

Having a plasmonequires only the presence of free carriers that can move. Thus,
plasmons can exist in both metallic and 1moetallic nanostructurg4.3] In this work, though,
the focus is on the plasmons in metallic nanostructures, specifically those ngadi of
Different metals have different dielectric functions dsrection of wavelength, so these metals
are resonant at different wavelengths and with different resonant widths even if when the

particles are all embedded in the same medium and are identical in size and shape.
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1.2.47 Influence ofNanoparticle Sizen Hasmon Resonance

Forthesimple dipole resonance, the electrons are traveling back and forth in the
nanoparticle dimension parallel to thptical electric fieldexciting the particle. The distance the
electrons have to travel is larger for a larger nanopatrticle, thus, themetegaency is lower
and the resonant wavelengtiasger For a nanorod plasmonic resonator, an increase in aspect
ratio redshifts the long axis plasmon mode and decreasédlitgidth at half maximum
(FWHM) indicating an increase in the dephasingetofthe electrons drivinghat
resonanc¢l4] When changing just the long axis (length) dimension of a nanorod, the long axis
resonance is reshifted as the length is increased. When changing just the sipbanim axis
(width) dimension of a nanorod, the long axis resonance isshiified as the width is increased.
When changing just the thickness of a nanorod, the loisgesonance is blughifted as the

thickness is increased. For the nanorod, the plasmon resonance is stronger (less transmission)

when the volume of material is larger.
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Figure 1.4- Measured extinction for 20 nm | Figure 1.5- Simulated trasmission for 20 nm
thick Au nanodisks with increasing diameter| thick and 20 nm wide Au nanorod in air with
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Figure 1.6- Simulated transmission for 20 nrn Figure 1.7 - Simulated transmission for
thick and 120 nm long Au nanorod in air with 120 nm long and 20 nm wide Au nanorod in
decreasing widthElectric field polarized air with decreasing thicknedslectric field
parallel to long axis of rods. polarized parallel to long axis of rods.

1.2.51 Influence ofNanoparticle Shapen Plasmon Resonance

The shape of a metal nanoparticle can alter the plasmon resonance primarily in two ways.
First, a nanoparticle with a smallerphane aspect ratio will have a broader plasmon resonance
than a nanopatrticle with artger inplane aspect ratio. For example, a rod with aplame

aspect ratio of 4.5 has a narrower plasmon resonance than a disk wiplameimspect ratio of



1, though both have plasmon resonances in the same 10 nm range. In Figure 1.8, the plasmon
resonance is strongest (the least amount of light is transmitted) for the nanopatrticle that has the
largest volume. Second, a nanoparticle with sharp points or corners will have a higher local
enhancement of the electric field than a particle without paintorners. For example, a

triangular nanoparticle will have a higher electric field enhancement around it tharshajisd

nanoparticle, as seen in Figure 1.10.

w |

0.8
o
(=}
@ 0.6
£ I —
£ 0.4
= [ Rod v Figure 1.9- Schematic indicating direction

0.2}. Triangle of electric field for the Au disk, rod, and

Disk triangle simulations.
500 600 700 800 900

Wavelength(nm)

r
J I

Figure 1.8- Simulated transmission for an Au | Figure 1.10- Simulated local electric field
rod, triangle, and disk all in air and resonant | intensity at resonance corresponding to th
within a 10 nm range. transmission spectra above.

1.2.61 Influence of thd_ocal Dielectric Environment of the Nanoparticle the Plasmon
Resonance

The dielectric function of material in the ld@nvironment of a plasmonic particle
influences the resonant condition of the particles. This is because the electrons comprising the
plasmon oscillation are not completely confined within the nanopatrticles, but rather spill out on

the edge$9] These electrons are sensitive to their local environmdathematically, his can



be seen in the quasi static limit, where the plasmonic particles are at least an order of magnitude
smaller than the wavelength of lighlt] | n t hi s case, the polarizabil

function of wavelength is proportional to

wh e p, & n fareddhecomplexwavelengthdependent functions describidgglectric properties
of the nanoparticle ahthe dielectric environment respectively’] There is a resonance when

thereal part of thelenominator goes tero, whichis when

When the quasi static limit no longer holds, the equation for the polarizability becomes more
complex to account for account for the size effects, as descrilbaf ih2]. The dielectric
function for the dielectric environment, though, still plays a role.

A material with a higher refractive index in the absence of absorption will shift the
resonant weelength of the particle tonger wavelengths. Physically, this is because a higher
refractive index environment decreases the restoring force on the oscillating electrons, which
decreases the resonant frequency andggts the resonandd8] This can be seen in Figure
1.11, where the plasmon resonance of an Au nanoreshitd as the local dielectric
environment of the nanorod is changed from air to glass$&apphire (AlO3) in order or
increasing refractive index.

A material withhigher absorption will broaden and dampen the plasmon resonance



because more energy from the oscillator is transferred to the environment, causing the decrease
in amplitude and broadening which is characteristic of a lossier plasmon resonance. Tais can b
seen in the Figure 1.12 where the plasmon resonance of an Au nanosphere is broadened and
weakened as the imaginary component of the dielectric functionof the dielectric

enviromment is increased. The plasm@sonance position is not influendeglchanges in  of

the dielectric environment.
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Figure 1.11- Simulated transmission for a | Figure 1.12- Calculated absorption

100 nm long, 60 nm wide, and 40 nm thick A efficiencies for 25 nm radius Au spheres as
nanorod embedded in a variety of dielectric | function of- of the dielectric environment
environments. Electric field polarized parall for two constant real parts of the dielectric
to long axis 6rods. function -  of the environment. The values
of - used are as follows: 0, 1, 2, 3,5, 10
Figurereproduced from Refl12].

1.2.7- Plasmon Mode Hybridization

The plasmon modes of complex geometries (nanoshells, dimers, dolmens, etc.) come
about from thenteraction and thus hybridization of plasmonic modes from simpler geometries
(spheres, ellipsoids, rods, cavities) where the modes are known, as described hjlRrodan
When two nanostructures such as a nanosphere and a cavity are spatially close together and their

resonant wavelengths are also close together, their resonanceswitiuplstrength based upon

1C



t he r e s on a tamdthe differenicecbstwerretises resonant wavelengthis causes the
modes to hybridize, meaning that they mix together to form new modes different from either of
the original modes. This resultsthe creation o& symmetric plasmon mode and an

antisymmetric plamon mode, seen in Figure 1.98ich are both shifted in energy from the

energies of the resonant modes ofdbestitient nanosphere and cavityhe designations for

these modes are retak to the relative phases of the two constituent dipole plasmon modes in
each hybridized mode. In Figure 1.13, the bonding and antibonding modes of a nanoshell can be
described by the hybridization of the dipole modes of a plasmonic nanosphere and aiplasmo
cavity[19] Before the innovations in computational modeling of plasmoniegpest which

allow for routine computation of the plasmon modes of complex nanostructures, this method also
served as a way to calculate the modes of more complex systems by using the modes of simple

plasmonic structures as building blocks because thelemoalld be determined analytically.

@, ) Figure 1.13- Energy level diagram for a
nanoshell metal nanoshell showing the hybridized
2N plasmon resonances, which can be descri
N Al as the interaction of metal nanosphere an(
N By nanocavity plasmon resonances. This

interactioncreates a bonding (omepand
antibonding (omega plasmon resonance.
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With theprogressn commercial physics solvers (such as LumefiEddTD), it is
possible to test this hybridization framewdnksimulating the expected transmission spectrum
and local electric field at the plasmon resonance for complex nanostructures and their component
nanoparticles. In Figure 1.14, a nanorod dimer withidentical nanorod components is
considered. A hybridation diagram shows the constituent and hybrid modes, their relative
energies, and their charge distributions with the short constituent nanorod indicated in blue, the
long constituent nanorod in green, and the antibonding hybridized mode in purple. Using
Lumerical FDTD, the transmission spectra of the short rod, long rod, and dimer (antibonding
mode) were simulated. The relative positions of the plasmon resonances of these modes
demonstrate that the nanorod resonances are indeed at higher energhesdiraertbonding
mode (purple) and that the short nanorod resonance (blue) is a higher energy mode than the long
nanorod resonance (green). A simulated local electric field map of the dimer at the resonance
wavelength of the purple curve confirms thastimode is indeed the antibonding mode, with the
high electric field in the gap between the nanoparticles expected given the change distribution of
this mode as seen in the hybridization diagram. The simulated local electric field maps of the
short (blueland long (green) nanorods at their resonance positions indicated that the modes are

dipole modes, as expected.
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Figure 1.14- Plasmon mode hybridization diagram for an Au nanorod dimer formed from {|
nonidentical nanorods. The simulated transmis$oorihe short (blue) and long (green)
nanorods, and the dimer bonding mode, indicated in purple, are shown. The nanorod anc
plasmon modes are identified via the simulated local electric field maps at the resonant

wavelengths of the dimer and nanoasddeterminded using the simulated transmission. Th
nanorods are 70 nm wide and 35 nm thick, and the nanorod dimer has a 20 nm gap. The
of the nanorods are 150 nm and 210 nm.
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1.2.8- How Plasmon ResonanieAltered inan Array

When plasmorm particles ararranged iran ordered array, it is necessary to consider the
effect of thepitch of thearray on the response of the nanoparticles. Whepititteis close to
the size of the nanoparticles, the resonators couple and do not act as atdintdanas. This
results in a broad plasmon resonance, as can be seen in Figure 1.15 for gp860 spactrum.
As thepitchis increased, the plasmon resonancestgtts and narrows while maintaining the
same minimum transmission, observed in Figure 1.15ifcnes between 600 and 950 nm.
With pitchesup to 950 nm, a clear Lorentizian lineshape can be seen, whuchrecteristic of a
dipole resonance.

A Lorentzian lineshape is not observed for the spectrum in Figure 1.15 associated with a
1000 nmpitch, and an asymmetric lineshape is observed instead. Once the wavelength of light
approachethe pitch of the lattice, the Wooe®ayleigh anomaly becomes relevaithe Wood
Rayleigh anomaly occurs when light at a particular wavelength and diffraction order would be
diffracted perpendicular to the grating or beyoridhis lightcannot be diffracted at an angle
higher than 90 degrees from the direction normal tgthgngandis insteadredistributed back
into diffraction orders that are permissible, showing up as additional light in the spectrum at that
particular wavelength and permissible diffraction osd26-22] This comes about in
nanoparticle arrays because a 2D array of nanoparticles is basicalhdartemsional
di ffraction grating, and thus wil/ di ffract
the wavelength of the LSPR for the individudgmonic nanopatrticles, this creates a sharp
resonance in transmission because the diffracted waves can couple to the plasmonic

particles[23-25] Tuning the spectral position of the WeB&yleih anomaly with respect to the
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spectral position of the single nanoparticle resonance by tuning thepdctagan also be used
to maximize the local electric field on the nanopartifES

For the plasmon resonance of a plasmonic particle in-@iomensional array to be
equivalent to the plasmon resonance of an individual nanoparticlpitttheof the array must be
greater than five tims that of the nanoparticle s8] Otherwise, there is still nanopatrticle
nanoparticle interaction. For tadimensional arrays, the plasmon resonance of a particle in this
array has not been shown to beieglent to an individual nanoparticle fpitchto particle size

ratios up to 5:126)

3.5 Figure 1.15- Simulated
transmission spectra for Au
3 nanorod 848 nm long, 129 nm
25 ¢ wide, 60 nm thickpn glass as g
2 function ofpitch. Spectra are
3 2 offset by 0.4 for clarity.Electric
£ field polarized parallel to long
% 1.5 axis of rods.
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0.5
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1.2.9- Uses of Plasmons
Plasmons have applications in a variety of areas. Biological applications include
biological imaging, such as identifying cancerous andganterous cells, selectively removing

cancer or bacterial infections, and biological semg27] Water splitting, improved gas sensing,
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and local heating can be achieved gsimetal plasmonics particles as W8, 29] Plasmonic
particles can also be used to enhance solar[@8]lsHarkening back to the Lycurgus cup and
stained glass windows, mefdhsmons are also used to create color and thus art on the

nanometer to micrometer scifd]

1.2.10- A Limitation of Metal Plasmonics

A major limitation of metal plasmonics is that the plasmon resonance of a nanoparticle
cannot be altered once it is fabricatddis leads naturally to a discussion of a class of materials
in whichthe properties of these materials can be altered after fabriegtimsechange

materials.

1.37 PhaseChange Materials

1.3.17 PhaseChange Materials and their Applications

Phasechange materials allow for controllable modulation of the optical, electronic,
magnetic, and/or structural properties of these matefiadsibset of these materials is described
here. The higltemperature superconductor YBaCuO undergoes the supercogductn
superconducting transition between 80 and 93K and, therefore, has large changes in resistance
and magnetic susceptibility as a function of temperd®2eThe manganite LaPrCaMnO has a
large change in resistance as a function of applied magnetic field irditkeghgel33]
Vanadiumsesquoxide undergoes an insulatto-metal transition (IMT), a structural phase
transition (SPT) from monoclinic to rhombohedral, and an antiferromagnetic to paramagneti

transition with a phaséransition temperature around 155¥4] In GeShTes, the crystalline to
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amorphous phase transition causes a 30% change in the dielectric function within 100fs when
switched optically, which induces changes in electrical conductivity and optical absorption. This
materialcan also be switched from crystalline to amorphous by heating the crystalline state
above the 618C melting point of GgShyTes so that the lattice becomes disordered and then
rapidly cooling the material to retain that amorphous $&&e.In VO, there is an IMT and a

SPT at a critical temperatur€; of 67°C in bulk material whicltause changes in the optical,
electronic, and structural properties of the mat¢&6| 37]

Phasechange materials have been employed in a varieappifcations. A subsection of
applications using V@are described here. Using the change in transmitted light over the IMT
due to the change in optical properties, \dn films have been used in optical limiters to
protect sensitive components fronteinse ligh{.38] The change in transméid light over the
IMT in VO3 also is harnessed for temperature control in smart winfi8®yg0] and considered
to contrd the temperature on spacecif@] The change in optical prop&rs over the IMT has
also been used to create a ring resonator structure which can be actively modulated by switching
the IMT in a VQ patch placed over a section of the rjdg-44] An example of this structure
and the large change in transmission through the waveguidevananavelength as a function
of the state of the VQs shown In Figure 1.16. As the crystal lattice of Ad@@pands 1% along
thecg axis and shrinks by 0.6% and 0.1% al@@ndbg axes respectively when undergoing the
SPT[37] Vanadium dioxidesingle crystals and patterned thin films have alsm lsed in
micro- and nanoactuatef45-48] A micro grabber using this piciple is shown in Figure 1.17.
The change in resistance of Yfias been used in microbolometers to detect small changes in
incidentIR radiation[49] Thischange in resistance of YOver the IMT and also the sensitivity

of the VO, T, to dopants has been used to detect trace amounts of gases such as hydrogen,
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helium, and argaofb0, 51] An example of gas sensing using aM@nowire as a probe of,H
gas with far greater sensitivity than other gasses is shown in FigureThé@tility of VO, as a

hydrogengas sensor will be discussed furtheCimapter 4.

— 65°C. i
. _ T Zog| TE60C
E: 800 g COon
2 400 0 60 120
. 80 Oc 'g T =450C Exp. Time (min)
3 n
2 e & .
5 H, 0O, CO CyH,
T ooy
Figure 1.16- SEM of Siring | Figure 1.17- Thermally Figure 1.18- Sensitivity of
resonator with V@patch controlled micro grabber, Pd-decorated V@nanowires
(false color) atop a section g showing grabbing below the| to hydrogen gas probed
the ring and measured phase transition and releasir through a change in current
transmission through the above the phase transition. | when gas is flowing. Inset
waveguide above (blue) and Scale bar is 56 m. F i| shows change in current
below (black) the V@phase | reproduced from Ref48]. when CO gas flow is cycled
transition. Figure reproduce on and off. Figure
from Ref.[43)]. reproduced from Ref51].

1.3.2- Advantages of V@as a Phas@&ransition Material

Vanadium dioxidénas a phase transition (PT) at®%7for bulk materia[37, 52] In
comparison to many other PT materials such as YBaCuO, LaPrCaMnO,@ad/\D, hasT,
much closer t@oom temperaturRT) and the VQ T, can be depressed to or below RT via
doping or strairj53-58] The VO, PT is also fully reversible, unlike G&,Tes in which the PT

is not reversible if the material becomes fully amorpl88t.Vanadium dioxideloes not have
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a large change in optical or electronic properties compared to other PT materials, but it is
advantageous that the YOT occurs near room temperature in ambient cimmdif that it can be

switched on the fs time scale, and that it is fully reversible.

1.3.3- Inducing the VQ PT

Thereis a variety of methods to induce the PT in/6But the most common and
simplest is by heating V£aboveT..[59-61] Applying strain to VQ single crystals or thin films
has also been shown to indwnel altethe PT[56-58] Applying a high electric field also
induces the V@PT via the Poold-renkel effec{62, 63] The phase transition can also be
induced in a purely optical manner, using a femtosecond laser[f&i6€] or elevating the
temperature close to that the PT and using a decreased fluence to switch[6% Doping
VO, with atomic hydrogen after V{abricatian either as single crystals or thing filrakso

servesa induce the PT68]

1.3.4- Details of VQ PT

Vanadium dioxidéhas a I order PT that is both an electronic (insulgtmmetal) and
structural (monoclinic (M1) to rutile) transition. The Y@and structures of the insulating and
metallic states are shown in Figure 1.19. In the insulating stateythen8s are split and a band
gap exists between the lower energytdnd and theg3band. In the metallic state, thg Band
decreases ianergy and theggbands merge to create a conduction H&7d69] The crystal
structures of M1 and R V{are shown in Figure 1.20. For R Y,@he Vatoms (orange) form a
body-centered tetragonal lattice and the O atoms (blue) form an octahedron around each V atom.

For M1 VG, the O atoms barely move from their R positions, but the V atoms move such that
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they dimerize (shorter ¥ bond lengths indicad in pink) and tilt. Thus, the O atoms have two
different environments and are indicated in purplg @dd blue (Q).[37] There are two other
insulating VQ crystal states, a second monoclinic phase (M2) and a triclinic phase (T), which

will not be focused upon hefd7]

Insulating VO, Metallic VO,

E

—

3d,

- =

Figure 1.19- Band structure of insulating ar] Figure 1.20- Crystal structure of M1 and R
metallic VO,. Figure reproduced from Ref. | VO,. Figure reproduced from R¢B87].
[69].

The IMT causes a large changdhe interaction of lightvith VO, due to the large
wavelengthdependent change in the real and imaginary components of the dielectric function of
VO, as shown in Figures 1.21 and 1.22. This leads to a change in the amount of light
transmitted througbr refracted byhe VO,. The pla of this change in transmission, shown in
Figure 1.23compriseswo sigmoidal curves representing heating and cooling the sample, which
are offset in temperature, producing the characteristic hysteresis curve.of¥®switching
contrast and criticdemperature, shown in Figure 1.23, are used to characterize the VO
hysteresis curve. This change in transmission is wavelelggténdent, as is shown in Figure
1.24, using 1550 nmder light and a broadband whltght source with emission between
400 and 1000 nm. As the change in the dielectric function gfdv@r the IMT is larger at 1550
nm than in the range of 400 to 1000 nm, the switching contrast over the PT is much larger for

1550nm light than for the broadband white light. It is importamtote, though, that the critical
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temperature for the VAOMT is the same when excited with either light source, as the
wavelength used to probe the transmission does not influence the temperature at which the VO
IMT occurs when the IMT is induced theaity. There is also a multiplerdersof-magnitude
change in the resistivity of the \l@ver the IMT, as is shown in Figure 1.25.

The SPT yields noticeable changes in the Raman spectrum,@fsve VQ goes from
M1 to R, as shown in Figure 1.26. Vanadidioxide in the M1 phase has many sharp,-well
defined peaks whereas R Yfas a single broad pef3, 70] This work focuses on the large

change in the dielectric function of VOver the phase transition.
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Figure 1.21- Refractive index of V@in the | Figure 1.22- Refractive index of V@in the
visible to nea#iR region for both M and | | nearIR region for both M and | V@ Data
VO,. Data wereobtained using ellipsometr| wereobtained using ellipsometry on a YO
on an electron beawteposited VQ@thin film | thin film measured by Stuart Earl and
courtesy of Sam White and Kent Hallman| deposited by Dr. Bob Marvel.
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Figure 1.24- Temperaturalependent
transmission of a 52 nR~M sputtered
VO, thin film on glass. Data webtained
using both a 1550 nm laser and a broadb:
white-light souce with emission between
400 and 1000 nm. The critical temperatur
is the same for the two curves, but the
switching contrast is much higher for the
data taken using the 1550 nm laser.
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Figure 1.25- Resistivity of 52 nm R
sputtered VQ@thin film on glass. Dataeve
obtained using a four point probe setup.

Figure 1.26- Raman spectra on a VO
single crystal grown on Si, as described
Chapter 2, both above (red) and below
(blue) the SPT. Figure courtesy of Kent
Hallman.
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The IMT and SPT do not occur simultaneously. The IMT occurs in less tharj&)).fs
During the transition from the monoclinic to the rutile crystal structure the SPT has afluence
dependent onset time ranging from less than a picosecond to a few picogé2paddduring
the transition from the rutile to the monoclinic crystal structuréSthé takesundreds of
picosecond$o nanoseconds to complgtb, 73, 74] These can be separated so that only the
IMT occurs, leaving the V&in a monoclinic metallic state which can recover to a monoclinic
insulating state much quicker than if the SPT also occurred and it was necessary for the atoms to
shift back to their M1 positions as well. This was first shown through simultaneous pobbing
the thermallyinduced IMT and SPT of a V\@hin film.[75] Other work probing both the
thermally and ultrafast laser pulgeduced IMT and SPT of V&hin films as well as work
probing the thermalynduced IMI' and SPT of V@single crystals has also shown the existence

of amonoclinic metallic phase of V)71, 76-78]

1.3.5- Influence of VQ Falrication on Material Properties

The properties of theO,, such asurface morphology and critical temperatuaee
influenced bythefabrication of the/O,. Parameters such as growth method, substrate, and the
addition of dopants can have large effects on the resultantag@iescribed below.

Different thin film deposition methods (pulsed lasepalgtion electron beam
evaporation, andadio frequency magnetraputter)and different surface energies assaxat
with different growth substrates (glass, silicon, and sappdilie) the size and shape of grains in

the resulting film as well as the film roughn§g9]
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Figure 1.27- Atomic force microscopy (AFM) scans of \d@hin films grown by (A)pulsed
laser depositioon glass, (C) electron beam evaporation-@utcsapphire, and (Exadio
frequency magnetraosputtemg on silicon. AFM datdhavea 5 e m by 5 Figum
reprodiced fromRef.[79].

Changing the growth substrate for thin films from glass or silicon to sapphp@sjAlr
titanium dioxide (TiQ) causes epitaxial growth of MO The substrate serves as a seed layer and
transfers its orientation araltice structure to the VQilm growing atop this seed laygs4]

All of the individual VO grains are oriented in the same direction, forming an epitaxial film as
opposed to a randomly oriented film which is obtained when growingoviGubstrates such as
glass and Si.

Doping VO, shifts T, up (low valence atoms like 4 Cr**, and AF") or down (high
valence atoms like W, Mo®*, and NB*) depending on the number of valence electrons the
dopant has compared to the number of valence electrond tkation has, as the*V/cation is
being eplaced by the dopafb3-55] This can also alter the insulating phase of the &oom
temperature from M1 to M2 or phasg53] The shifts in transition temperature and insulating

VO, crystal structure can be seen in Table 1.1 and Figure 1.28, respectively.
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Dopant Concentration | Transition
(at. %) temperature
decreases by

Tungsten (W) | 1.0 22-28°C

Molybdenum | 1.5 35°C X V1,M,0,,,

Mo M = Nb%*, Mo®, W&* M = AR, Cr3*, Fe3,G

(Mo) 10 11°C b>*, Mo®*, = r3*, Fe’*,Ga
¥ reduction oxidation 2y

Niobium (Nb) | 1.0 8°C uniaxial [110], stress

Table 1.1- Shifts in the T of VO, with different | Figure 1.28- Shifts in the Tand
dopants.Table redrawn froniRef.[54]. insulating crystal phase of \lWith
high (red) ad low (blue) valence
dopants.Figure reproduced fromRef.
[53].

1.47 Active Plasmonics

1.4.1- Motivation for Combininga LSPR and a Phasthange Material

Combining plasmonics withhasechange materials yields active plasmonics because of
the controllable changing local dietéc environment that the phasbange material
provides[80-82] This, as discussed in Section 1.2.6, shifts the plasmon resonance of the
nanoparticlevith a speed dependent on the transition time of the PT material and a shift
dependent on the magnitude of the change in the dielectric environment in the wavelength range
of the plasmon resonance. This opens up the possibilibpf@tructingecnfigurable systems
using phase&hange materials. It is also possible to achieve active plassnagiitg methods
besides a phasghange material to controllably alter the plasmon resonance, as discuBsedd in

[83]. These include altering the plasmonic material geometry by fabricating the nanostructure on
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a stretchable substrdi®4] and altering the depletion region and thus the plasmon resonance of

nanoparticles to create a spatighli modulator in the teraherspectruny85]

1.4.2- Benefits of @mbining VQ and Au Plasmonic Particles

Combining VQ and Au plasmonic particles primarily allows for two things. Itis
possible to (1) tune the plasmon resonance of the nanopatrticles by switching:th€h&Chas
been demonstrated by heating the entire saféplég1, 86-90] by using current to locally heat
the VQ,,[91, 92] and using the high local electric field of plasmonic particles on afM@®
which are excited on the ps timescale to induce hefBjglsing the sensitivity of plasmonic
particles to their local dielectric environment, it is glessible to (2) use the plasmmsonance
frequencyand FWHM as a sensitive local probe of the properties of theavi@®the PT in

VO..[94]

1.5- Structure of Dissertation

The rest of the dissertation is structured as follows:

Chapter 2

Methods are demonstrated to integrate,@@d lithographically patterned Au nanoparticles as
well as how to grow V@and useelectron bemn lithographyto make Au nanoparticles. Basic
ways of characterizing VEJWL transmission) and Au nanoparticles (WL spectroscopy setup

and 5s) are also discussed.
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Chapter 3

The phase coexistence pattern in low aspatod VO, single crystals is demstrated to be

different from the previously observed pattern seen in high asgigeicrystals. Using

plasmonic particles as probes, it is demonstrated that the phase coexistence pattern in the low

aspectratio VO, single crystals is depttiependent.

Chapter 4
Hydrogendoping of VQ films is monitored bychangsin the plasmon resonance of Au dimers

embedded in a lowgcattering VQfilm as a function of time

Chapter 5
NearIR plasmorinduced transparency is demonstratesgiiulations ofstacked AuvVO,
dolmen structures. This PIT can be actively controlled with temperature and is polarization

dependent.

Chapter 6

The major results of this work and future work that these results suggest are summarized.
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CHAPTER 2

FABRICATION AND CHARACTERIZAT I0ON OF AU-VO2 NANOSTRUCTURES

2.17 Introduction

This chapter describes the sample dedajrication, and characterization of MO,
nanostructures. The contents of this chapter are divided into four sections: sample design, basic
sample fabrication, basic sample characterization, and contributed fabrication developments.
The sample design section contains discussiarsing finitedifference timedomain (FDTD)
simulations to design AWO, structures. This includes the principles of FDTD simulations,
doing FDID simulations using LumericéDTD Solutions, interfacing FDTD Solutions witie
heat transport solver in Lumerical Deviemd specific considerations for simulations of Au and
VO,. The basic sample fabrication sectamscribes how hybridu and VQ nanostructures are
fabricated A discussion of why indium tin oxideoated glass was used as a substrate for these
Au-VO; narostructuressample cleaning, V&thin film deposition methods and annealing, VO
single crystal growth, Au deposition, sginating, EBL, development, afittoff are included
here. Thesample characterization section contains descriptions and detiiés rofjor tools
used in this work to characterize Yé@nd Au nanoparticles. Scanning electron microscopy,
AFM, thetemperaturalependent transmissicetup, and the 5s are included. Characterization
techniques specific to individual projects in this ilment are discussed in their respective
chapters. The contributed fabrication developments section contains my innovations in the
fabrication of AuVO; hybrid nanostructures. This includes depositing-scattering VQ

films, patterning nanoparticles VO, single crystalsising EBL, and using a single layer of
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EBL to fabricate stacked AWO, nanostructures. These contributions provide solutions to
challenges that occur when interfacing Au and,M8Dich as scattering and diffusion. These
contributed mdtods will allow for simpler fabrication of highuality Au-VO, nanostructures

for a wide variety of applications, from gas sensing toplical ultrafast switches.

2.2- Sample Design

The AuVO, nanostructure geometries examined in this work werguaediusing three
dimensional fullfield FDTD simulations. The expected optical response of fabricated
‘nanostructures was also simulated using FDTD with the nanostructure dimensions imported into
the simulations. For descriptions of how FDTD simulaticens output the broadband
transmission from a region given Maxwell 6s eq
a given geometry and material properties, and the boundary conditions of the simulation regions,
seeRefs.[12] and[18]. These simulations of an electromagnetic wave interacting with a
structure of interest were carried out with the Lumerical FDTD comealesaftware package.

The packag&DTD Solutionsfrom Lumericalcan also be easily interfaced witte heat

transport solver in Lumerical DEVICE simulate coupled physics problems such as the
temperature rise in a plasmonic nanopatrticle due to the optical absorption of the nanoparticle at
its plasmon resonang@5]

Lumerical has aextensive online reference guif)] including tutorials, to answer
guestions about setting up, running, amerpreting the results of simulations. In order to set up
a simulation in FDTD Solutions, the steps detailed below can be followed. A simulation region

is created to define the region of space where the FDTD solver will calculate a solution, with a
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predsion governed by the mesh accuracy. The boundary conditions, such as periodic or
perfectly matched layer (PML), at each boundary of the simulation region are set. The details of
periodic and PML boundary conditions are discussdrkiis.[12] and[18]. Exploiting structure
geometry using symmetric and antisymmetric boundary conditions, as described here in online
reference guiderovided by Lumericain Ref.[97], can be used to reduce the size of the

simulation region and, thus, the time requitedimulate the response of the structure by a factor
of up to four. The shapes, sizes, positions, and optical properties of the components comprising
the structure of interest are defined. It is possible to import structures from experimental images
sud as scanning electron microscopy (SEM) micrographs, as well as to create the structures
with the shapes available in the program. Following this, an override mesh can be created to
increase the spatial precision of the simulation in the region of intesesh as a nanopartidle
without the necessity to increase the precision used for the entire simulation region. Determining
the appropriate override mesh size is discuss&#fr{12]. An excitation soue (a plane wave

for this work) is added to the simulation region and the position, polarization, incident angle, and
wavelength range are set. Frequedoynain field and power monitors are then placed in the
simulation region to collect data (which, g work, are transmission and local electric field)

when the simulation is run. For this work, transmission measured from a monitor placed in the
substrate beneath the nanostructure of interest and local electric field is measured from a
different monita, which slices through the nanostructure of interest at a height of half the
thickness of the nanostructure. At this point, the simulation is run and results can be viewed.
Script files can be used to automate modifications of hanostructure geonetynimg of
simulations, the analysis of spectra, and the extraction of data, but these tasks may also be done

by hand. Scripts used to do these tasks are included in an appendix.
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Two considerations, the first regarding simulating nanostructures on &lMQand the
second regarding the simulation converging, are now addressed. First, when simulating the
transmission of nanostructures on a)\fin, it is helpful to normalize the response of the full
structure to that of the full geometry without trenostructures. For VVQhin films, which have
significant losses, this allows the response to the nanopatrticle to be observed without the
background VQ@losses, but still with V@as part of the local dielectric environmenthe
nanoparticle This metld is akin to how transmission spectra are measungeriexentally, in
which a brightfield spectrum is taken on the sample away from the region of interest so that the
effect of the substrate can be removed from the spectrum taken at the region df iSecesad,
it is important that the automatic shutoff level in the simulation is reached before the maximum
simulation time is reached. Since the automatic shutoff level is a measure of how much the
simulation has converged, a simulation that ends bétigdevel (10°at minimum for the
nanostructures simulated here) has not fully converged and the results of this simulation are not
trustworthy. This can occur when high aspect ratio nanoparticles, such as the Au nanorod from
Chapter 3, are simulatedf the automatic shutoff level is not reached, the simulation time can be

increased until the level is reached.

2.3- Basic Sample Fabrication

2.3.1- Substrate Btails

Samples, with the exception of the single crystal ¥@mples, were made on

5 x5 x 0.5 mm indium tin oxide (ITO) coated glass substrates frolta Dechnologies. The

15-30 nmITO coating served to minimize the buildup of electrons on the surface of the substrate
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during electron beam lithography so that the position of the elelot@m was not shifted due to
electrons accumulating on the surface being patterned. Glass and ITO, a transparent conductive
oxide, were employed because the experimental geometry to measure the samples in
transmission in the visible to nel® wavelengthange is less complex than the geometry to

measure samples in reflection. For lithographically patterned samples, these materials were also
preferable to silicon (Si) because of their lower refractive indices in comparison to Si. This

means that a nanopiate designed to be resonant at 800 nm when on arctéied glass

substrate would be larger than a nanoparticle designed to be resonant at the same wavelength on

Si, thus decreasing the difficulty of the EBL patterning.

2.3.2- Cleaning Substrates

Substates were cleaned by submerging them in ro@mperature tetrachloroethylene
(TCE) and both the top and bottom surfaces of the substrates were wiped in a circular motion
usinga cotton tipped applicatorThis process was repeated in acetone, methambtleaonized
water. The substrates were then dried using compressed air and visually inspected for debris.

The process was repeated until no debris was observed.

2.3.3- VO, Thin HIm Deposition Mechanisms

Radio frequency magnetrgRFM) sputtering of \D, takes place in an Angstrom
Engineering Inc. Amod deposition system. A 5 cm diameter vanadium metal target is used as
the sputtering source, and is sputtered at 180 Watts at a pressure of 6 mTorr in an atmosphere
comprising 20 sccm of argon and 1 scdn®ga The resulting plasma is verified to have set up

before the shutter is opened and the deposition begins. The deposition rate is kept constant at
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1 A/s. The sample holder rotates during the deposition.

Electron beam evaporatioBBE) of VO, takes place in the same Angstrom Engineering
Inc. Amod deposition system used for sputtering. An electron beam is rastered acrgss a VO
powder precursor at 5xf0rorr. The power of the electron beam is increased until the
deposition rate is determinedle stable at 1 A/s by a quartz crystal microbalance (QCM). At
this point, the shutter opens and the deposition begins. The deposition rate is monitored during
the deposition and the power is adjusted to maintain a deposition rate of 1 A/s. The sample
holder rotates during the deposition.

Pulsed laser deposition (PLD) of Y&@kes place in an Epion PEBDOO system with a
Lambda Physik (Coherent COMPex) krypton fluoride (KrF) excimer laser ablating a vanadium
metal target. The KrF laser has a wavelen@®48 nm and operates at 385 mJ per pulse with a
25 Hz repetition rate. The deposition occurs in a 10 mTeat@osphere with a 2 sccm flow
rate. The laser is rastered across the rotating target and the ablated material deposits on onto

samples 8 cm above the target, which are also rotating during the deposition.

2.3.4- Annealing @mples

Vanadium dioxide gnan at room temperature viZBE, PLD, and sputtering require
thermal annealing to crystallize the material. The WA not exhibit a phase transition if this
annealing is not done. This is accomplished in a horizontal tube furnace. The samples are
placed in the tube furnace which is pumped down to 30 mTorr before the samples are annealed
for 10 minutes at 458C in 250 mTorr of @and removed, without breaking vacuum, to a room
temperature region of the furnace to cool for an additional 10 minutebjdt point vacuum is

broken and the samples are removed.
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2.3.5- VO, Single Crystal Growth

Single crystals of V@are grown on Si and quartz substrates by physical vapor transport
in a horizontal tube furnace at 1.7 Torr and 825 °C in an argon gasrenent for 1 hour using
vanadium pentoxide (s) powder loaded upstream of a2@ x 1 cnt crucible with substrates
loaded between 5 and 7 cm downstream. After growth, the furnace is allowed to cool@ 100
vacuum is broken, and then the samplesramoved. This method was developedbyBob
Marvel [98] following the synthesis describedRefs.[99] and[10(. There is litle control over
the nucleation of single crystals, their precise size, or the distance betwed@88h£@0, 101]

On average, the single crystals that grow on quartz substrates are larger than those grown on Si

substrates, as shown belo

Figure 2.1- Optical microscopy of typical V&single crystals grown on quartz (left) and Si
(right). Photolithographically pattern
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2.3.6- Spin-coating Resist onto Sares

For electron beam lithographspin-coating is used to coat the sample with a uniform
layer of the EBL resist polymethyl methacrylate (PMMA) which is in an anisole solvent. The
percentage of PMMA to anisole alters the thickness range into which the final PMMA layer can
fall, and the mtecular weight of the PMMA controls how sensitive the polymer is to the electron
beam during EBL[102 It is ideal for the total thickness of the PMMA to be approximately
three times the thickness of the finabficated nanostructures so that bad liftoff results are not as
likely to occur as they would for thinner PMMA. With a three to one ratio, the resolution is not
as low as it would be for thicker PMMA. The thickness of a layer of PMMA with a given
molecublr weight and percent PMMA is controlled by the speed at which the sample is spinning,
with higher speeds yielding thinner PMMA. After the PMMA is smoated on to a sample, the

sample is baked at 18Q for 90 seconds on a hot plate to remove resiaiable.

2.3.7- Electron Beam Lithography

Electron beam lithography (EBL) is used to pattern nanoparticles of arbitrary shapes and
spacings witteature sizes as small as 5 fit®3 which is below what is achievable with
photolithography. The Hdelberg Instruments uPG101 Laser Writer has a minimum feature size
of 600 nm, for examplgl04] For use with positive resists such as PMMA, the electron beam is
incident on the sample in the locations where a nanopatrticle is desired. The PMMA in these
locations is damaged by the electron beam and, therefore, easier to remove chemically than
undanaged regions. The electron beam can be steered to desired locations within a given write
field by deflecting the beam, and to reach areas outside of this write field, a translation stage

moves the sample. The EBL system used in this work is a Raith edylN&mn. The working
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di stance for this work is 10 mm and the apert
0.004 em and a settling time of 2 ms are al so
100 em i s used, as etibless tmamn xhis writerfieldesandrthaig/thesarrag e  u s
could be written without needing to move the stage. The accelerating voltage varied with sample

and is specified when discussing each specific sample.

2.3.8- Development

Development is done to rem®the damaged polymer from EBL. The sample is
submerged in MIBK:IPA so the patterned side is perpendicular to the ground (vertically) and
agitated to ensure that all damaged polymer is removed from the sample. Agitation can be done
by placing a magnetistir bar in the beaker being used and setting it to stir at@@dor one
minute, or by alternating between holding the sample steady with tweezers while shaking the
beaker of MIBK:IPA sideways and pipetting MIBK:IPA at the sample in 30 second intéovals
90 seconds. After agitation, the sample is rinsed with IPA to halt the development, rinsed with
DI water, and dried using compressed air. After the sample is dry, it can be baked d&a 100

hotplate for 90 seconds to sharpen the edges of the resist.

2.3.9- Gold deposition
Thermal evaporation of Au wasrried ouin a Kurt J. Lesker Nano 36 in vacuum at a
rate of 1 A/s with an Au pellet as the precursor. The thickness of the Au was monitored by a

quartz crystal microbalance.
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2.3.10- Liftoff

Liftoff is done to remove the undamaged PMMA and the deposited material on top of the
PMMA so that only nanoparticles of the desired material remain on the sample. There are
multiple ways to achieve this depending on factors such as the adhesion libaveen
nanoparticles and the substrate, the density of nanoparticles, the feature size, and the ratio of
PMMA thickness to nanoparticle thickness. In general, the sample is submerged vertically into
heated liftoff liquid (100C for PG remover and 8 or60°C for acetone), left to soak until the
film appears puckered on the substrate from the PMMA dissolving (anywhere from 10 minutes
to 4 hours or more), pipetted with clean liftoff liquid to remove large pieces of PMMA, and left
to soak for another periaaf time in liftoff liquid. After this, the sample is rinsed in room
temperature acetone, IPA, and DI water and dried with compressed air. If this proves to be

insufficient to remove all of the PMMA, the sample can be sonicated before rinsing.

2.4- Sanple Characterization

2.4.1- Scanning Electron Microscopy

Scanning electron microscopy is used to image the fabricated samples, which provides
contrast between different materials dependent on their conductivities. This was done on the
Raith eLINE andhe Zeiss Merlin systems using a 10 kV accelerating voltage and a working
di stance of 10 mm. For the Raith, the 10 &m
imaging samples on IT©oated glass substrates than the Merlin does because elearonbdr
electron beam build up on the sample surface and tagsebeam deflections in the Merlin

than in the Raith. If carbon tapan beplaced on the top of the sample, ttigrgingcan be
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alleviated when using the Merlin because the carbon tape&psoconductive pathways for the
electrons to leave the sample surfadted SEM measurements can be done on the Merlin for
angles between 0 and 55 degreprovide information about the thickness of multilayer
samples and single crystals, whereasRhih lacks this capability. Thus, both SEMs have their

advantages and ustes characterizing the samples described in this work.

2.4.2- Atomic Force Microscopy

Atomic force microscopy (AFM) issed to image some of the fabricated samples,
providingcontrast between different areas depending on their relative heights. This was done on
the Bruker Dimension Icon in tapping mode. Image-postessing, including leveling AFM

scans and measuring nanoparticle heights, was done using Gwyddion spf@ghre

2.4.31 Temperaturddependent Transmissi@etup

Theopticaltransmission as a function of temperatilm®ugh samples containing V&
measured using a horhelilt temperaturedependent transmissi@etup in the Haglund lab. The
transmission of 1550 nm laser lightadrlight from a broadband whitéght source (Spectral
Products High Power Tungstétalogen light source with a 3000 K bulb) is measured. Using
1550 m laser light is helpful for samples with small amounts of Yfims less than 20 nm
thick or VO, nanopatrticle arrays) because the switching contrast is high at 1550 nm.

The essential components of this setupadiibercoupled light source, Bx microscope
objective to focus the | i gthasaniple, aaamplé®©hdldeewith di a me
a Peltier heater for temperature control and a hole through the center of the holder to allow for

the transmission of light, a second microscope objetdivellect the transmitted light and focus
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it, and aThorlabs PDA10CS InGaAs amplified detectdrris important to check that the beam is
not clipped going into either of the microscope objectiwebolding up a piece of paper before
each objective anderifying that the entire spot is collected by the objective. A piece of paper
can also be held up after each objective to verify that the spot on the paper is still circular after
passing through each objective. It is also important to ctiatkhe leam is weklfocused on the
photodetectoby moving the threelimensional translation stage attached to the second
microscope objectiveo maximizethe current from the photodetectoreasured using a Labview
programon a desktop computer next to this setuftevenson Center room 651The
temperature of the Peltier heater is swept frofiG3@ 90°C and back to 38C, and is managed
by a voltage supply, which can be compwtentrolled. The temperature of the sample, as
monitored by a thermocoupigaced on top of a glass reference sbdehe sample holder, and
the transmission detected at the photodetector are monitored and recordeleusamge

LabView programmentioned abovewhich exports this information to a text file.
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Figure 2.2- Picture of theemperaturalependent transmissicetup.

The hysteresis parameters describection 1.3.4such as switching contrast and critical
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temperature, are extracted by fitting the temperadependent transmission to two sigmoids
describing tle opticaltransmission during heating and cooling of the sample, respectively. A

sigmoidal fitting curve for transmission as a function of temperature is described below.

YO 4 Qe —T1¢P

In this curve,T is the transmissiort,is the temperatureninis the minimum transmission for the
curve,C is the switching contrass,is the steepness of the sigmoid which indicates the
abruptnss of the VQPT, and g is the temperature associated with half of the switching
contrast. Curves like this are fit to both the heating and cooling parts of the dat@.valbes
for the two curves are averaged to extthetaverage value & for the hysteresis curve, they
values are averaged to fifdfor the hysteresis, and the difference oftthg values is taken to
find the hysteresis width.

This setup can be modified in a variety of ways. A lens can be added between the light
souce and the microscope objective to collimate the beam. Adding ad@dier between the
light source and first microscope objective allowstha reflected lighfrom the sample to be
measuredvhen the photodetector is placed in the reflected jgtim This also allows for
hysteresis measurements on npatterned samples if a camera attached to a monitor is placed
in the reflected beam path and the photodetector remains in the transmitted beam path. It is also
possible to switch out the photod®mwith a fibercoupled spectrometer such as the Avantes
AvaSpee20482-USB2 (referred t o aosthePhreetoiindturaents e so her
Acton SP2300 (referred farwhitalight spatteoscdpPinthen c et on o

visibletonealR r egi me on fil ms or nanoparticle sampl
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as constrained by the spot size at the sample) arrays. A polarizer can be added before the sample

if the sample response is polarizatidependent.

2.4.4- Small SpotSize Spectroscopy Setup

The small spoesize spectroscopy setufib@@ d € ¥ anmtical setup built by the
Haglund lab at Vanderbilt Univsity and used tdo white-light spectroscopy in the visible to
nearlR regime on nanopatrticle arrays thatarelessthBn0 e m x 100 em i n si ze
to the tysteresis allows for some whilight spectroscopy on nanoparticles, but this is
constrained to large arrays, which are tioo@suming to fabricate on the Raith. The 5sis a
dedicated nanoparticle spectrosgops et up t hat can do spectroscop
Xx 10 e€m in size.

The essence of this setup is similar to that otéhgperaturalependent transmission
setup with the necessary modificationsltosspectroscopy. A fibecoupled light sourcesiput
through a 50 em aperture to reduce the object
polarized, focused onto the sample with an apochromatic 20x microscope objective with a long
working distance, a sample holder with resistors for temperatateotand a hole through the
center of the holder to allow for the transmission of light, an apochromatic 5x microscope
objective with a long working distance to collect the light, and a second lens to focus the light on
to an optical fiber connected tdlegr the Avantes or the Princeton. A second apochromatic 5x
microscope objective with a long working distance is affixed\tgadec America Corp LCL
902Ccamera connected to a monitor is used to image the sample and position the array of

interest at thedcation of the beam of light. An image of this setup is included below.
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Figure 2.3 - Image of the small spot size spectroscopy sétiip5 it relevant components
labeled.

A few comments about these components are included below. The tpécabre
changed as appropriate based on the wavelength region of interest to be sure that this region is
transmitted through the fibers to the spectrometer. Apochromatic microscope objectives are used
because they reduce the chromatic aberration digihtesource and thus the spot size of the
light source of the wavelength range of intefé®i§] The spot size is reduced because the
wavelengths are focused much clasagihe same position, as opposed to the focal locagommb
strongly wavelength dependent as it is in achromatic Idd€&p This is critical forobtaininga
spotsmall enoughfos pect roscopy on 10 em x 10higem si zed
power ( 1lr6sistv3 arelwireg in parallel and attachedrtd&epsco B612T Filtered DC
power supplyto heat the sample to 9C, which requires approximatelyA and2.2 2.3 V.
The sample holder is used because its thermal expansion is low, so the arrays remain in
approximately the same location with respect tddleal planeas the sample is heated and

cooled.

42



2.5- Contributed RbricationDevelopments

2.5.1- Non-scattering VQthin films

As discussed in Chapterthe scattered optical signafl Au dimers embedded in a O
thin film can be used to detect hydrogen. Hgenmo doping of VQaltersits dielectric function,
whichin turninfluenceshe Au dimers The effect of the hydrogen dopingdistected as a shift
in the scattering signal from the dimers because their plasmon resonance has been altered by this
change irlocal dielectric environment. To detect these modifications of the Au dimer scattering
signal, it is necessatiatthe VO, in which the dimers are embeddeaklow scattering so that
the film scattering signal is negligible compared to the dimer scajtsignal.

Scattering of Au dimers embedded in MBin films was measured using d&ré&ld
microscopy at Vanderbiltniversityand using singlkparticle-darkfield microscopy at MRIS.
Vanadium dioxiddilms grown using PLDEBE, and sputtering weregted for this application.

The results of these tests are described in the remainder of this section.

Vanadium dioxidehin films were deposited at various thicknesses on Si anette@ed
glass substrates via PLD. Thin films of Y@OL0 nm thick were deposited on Si and both 100 nm
and 50 nm VQ@thin films were deposited on IT-Coated glass. All of these samples had Au
dimers on the substrates, so that the, U€position embedded the dimers. Based upon dark
field scattering measuments taken at MPIS, films made via this deposition method scatter
strongly in comparison to the scattering from the individual Au dimers. Thinner PLDiNS
appear more highly scattering than thicker films, but it is either impossible or nearlysitripo

to see scattering from any Au dimers embedded in these PLD films. This can be seen below,
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with a fourth image for lowscattering V@ showing the locations of 25 Au dimers with

scattering signals clearly distinguishable from that of the overlyimg fi

Figure 2.47 Dark-field scattering of Au dimers embedded in PLD Mims which are

110 nm thick and on Si, 100 nm thick and on {gl@ss, and 50 nm thick and on Hglass
The fourth scattering image shevu dimers covered with lowcatteringvO,. This is
included as a reference image, so that the locations of the Au dimers in the other image
known and it is evident what the dimers would look like if their scattering is visible. For t
110 nm VQ thin film, scattering from the dimers barely visible. For the 100 and 50 nm
films, scattering from the dimers is completblgden by scattering from the \4@hin films.

Vanadium dioxidehin films 105 and 106 nm thick were deposited&iE on ITO-
coated glass substrates decorated with Au dimers. The two depositions were done two years
apart but using the same deposition paramegsrdescribed in Section 2.3.Bhe earlier
105 nm BE VO, deposition yielded lovscattering V@, but thelater deposition yielded high
scattering VQ. The results oRef.[79] indicate thaEBE VO, will be less rough, as measured
by AFM, if annealed for a shorter period of time. Under the assumption that a decrease in film
roughness decreases film scattering, a second sample from the later 106 nm deposition was
annealed for 5 minutes insteafttloe typical 10 minute anneal. A shorter annealing time did
produce a decrease in the ¥dm scattering to the point where the scattering from the Au
dimers is visible, as can be saerFigure 2.5 However this still results in VQ which is much

more highly scattering than the film at the left and is undesirable for detecting changes in the Au
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dimer scattering signal. Overall, the results fileBE VO, depositions indicated a lack of

reproducibility as well as high scattering, both of which are urat#s for this application.

Figure 2.57 Dark-field scattering of Au dimers embeddedaBE VO, films which are

105 nm thick (left) and 106 nm thick (center and right) with a slightly different Au dimer
pattern on ITGcoated glass. The left andnter films were annealed for 10 minutes and th
right film was annealed for 5 minutes. The scattering from the Au dimers is clearly visily
(left), not visible (center), and somewhat visible (right).

Vanadium dioxidehin films 100 nm, 108 nm, and 9®n thick were deposited on IFO
glass via sputtering. The samples from all three of these depositions (one sample, four samples,
and 19 samples, respectively) had{segattering VQ such that the scattering from the
underlying Au dimersvas clearly visil# with darkfield scattering. Representative ddiddd
scattering images on samples from these three depositions are shown below. These results
indicate thaRF~M sputtering VQ is a reproducible process with which to fabricate-low
scattering VQ on topof plasmonics nanoparticles such that scattering from the plasmonic

nanoparticles can be clearly seen.
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Figure 2.67 Dark-field scattering of Au dimers embeddedif-M sputteing VO, films
which are 100 nm thick (left), 108 nm thick (center), anch®3thick (right). The scattering
from individual Au dimers can be clearly seen in all three of the images.

2.5.2- EBL on VO, Single Qystals

It can be useful to lithographically pattern nanoparticles on top of arbitrarily shaped and
positionedmaterials with variable thicknesses because for many applications the materials of
interest can exist at random locations on a sample surface. Patterning Au nanopatrticles on top of
VO, single crystals isne such case. Gofdnoparticlesn the form of dipole antennas
(nanorods, nanodisks) or bewe antennasan probe and report upon their local dielectric
environment and thus provide information about the growth of the metallic phase of VO
single crystals that coexists with the ireding phase of V& With a high enough local electric
field generated by the nanoparticles, it may even be possible to influence the growth of these
metallic regions. Patterning Au nanoparticles atop ¥i@gle crystals has two major challenges.
First,the crystals nucleate at random positions on any given substrate, grow to arbitrary sizes,
and are arbitrarily oriented such that some samples have no crystals that are large enough to fit
the Au nanoparticles on their top surface. For this reasordifficult to locate a particular
single crystal thatanbe used for EBL. Second, the single crystals have random thicknesses,
which can be as thick as hundreds of nanometers. This poses an issue for EBL, since the focus

position where the top of the atgl is in focus is different from the focus position where the
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substrate is in focus and it is undesirable to focus on the top of the crystal and expose the PMMA
coating the top before EBL carried out

These challenges are overcome by modifying tlereotional EBL steps described in
the prior EBL section. The first challenge is circumvented with a combination of optical
microscopy and photolithographically patterned alignment markers. Each substrate on which
single crystals are grown, as describbdwee, is examined via optical microscope to determine if
there are large enough single crystals for EBL which are not located at the corners or edges of
the sample. Substrates containing good single crystals are covered with Cr alignment markers
every20e m, as cialgure 2.7. headphanumeric grid accompanying the cross
markers is used to locate individual single crystals of interest and the crosses are used for
alignment when doing EBL. The second challenge is mitigated bycepiimg thik PMMA
and focusing on the corners of single crystals. To ensure that PMMA coats the tops of the single
crystals which are hundreds of nanometers high so that EBL can occur, a thick coat of PMMA is
used at the price of decreased resolution during EBLfodies the electron beam to the height
of the top of an individual single crystal during EBL without exposing the resist before
patterning, the beam is used to scan only a small corner of the crystal and that corner is focused
upon without exposing the nmajty of the single crystal. This is justified because individual

single crystals are uniform in height.
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Figure 2.7 - Photolithographically patternec
Cr alignment markers. Crosses are locate
every 200 em, with
indicating evey other cross.

v .

R 7

Below, the steps to pattern nanoparticles on top of &/le crystals are described.
More detail for aligning EBL to write on top of a single crystal is provided in an appendix.
Vanadium dioxide single crystals are grown on quar@i@ubstrates, as described »&ingle
Crystal Growth section, and examined with optical microscopy to check crystal sizes.
Photolithography igarriedoutusing a Heidelberg Instruments uPG101 Laser Writer. Shiply
1813 is used as the photoresist angpisn at a spin speed of 2000 rpm for a total thickness of
approxi mat eliymi2deposied at 1 &/&to @thickness of 100 nm using a Kurt J.
Lesker Nano 36 and liftoff is done using room temperature acetone and a stir bar at 300 rpm.
Single crptals appropriate for EBL are located using an optical microscope. Images are taken of
each appropriate crystal and the alphanumeric marker nearest to each crystal to be used for EBL
is noted to allow for easy location and identification of these crystdis polymer used for the
EBL process is 950 A4 PMMA. A blob of PMMA is applied onto the sample, covering the
entire sample, when it is in the spincoater but is not spinning. The spin parameters to obtain
good coverage of the polymer on the tops ofsihgle crystals are a spin speed of 1000 rpm and
a spin time of 45 seconds with a 5 second acceleration up to 1000 rpm. A bake on the hotplate at

180°C for 5 minutes is necessary to evaporate the solvent. Due to the slow spin speed, regions
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of thickerPMMA exist at the edges and corners of the samples, making these areas unusable for
EBL. The Kurt J. Lesker Nano 36 is used to deposit a 10 nm dissipation layer of Cr at a rate of
1 A/s. A metal clip is used to hole the sample to the holder to keepunige in good thermal
contact with the holder and not cook the PMMA. A pudagwvn time of 3840 minutes is
sufficient to create a high enough quality film to serve as a dissipation layer. The dissipation
layer makes EBL patterning on the roonductive \O, single crystals easieElectron beam
lithographyis carriedout on the sampl€920 kV accelerating voltage, 10 mm working distance,
10 & m a blanketing eaeh)single crystal of interest and the nearby area with the desired
nanoparticle pattern.

After EBL patterning, the sample is held vertically in small beaker of Cr etch {20 &5
to remove the Cr dissipation layer. The sample is then rinsed with DI water and gently blown
dry with compressed air. The development is achieved by placisguingle in MIBKIPA for
1 minute. To maintain consistent polymer removal from sample to sample, agitation is done
using a magnetic stir bar set to 300 rpm placed in the MBBXbeaker in the center of the hot
plate where the magnet is located. The saisgield vertically with tweezers and placed such
that it is on the edge of the beaker and the front of the sample is faces the direction of the fluid
agitation due to the magnetic stir bar during this process, as seen below. The sample is then
rinsed wih IPA followed by DI water and gently blown dry with compressed air. The Kurt J.
Lesker Nano 36 is used to deposit 50 nm of Au at a ratél¢s, which will form the Au
nanoparticles at the locations written with EBL. Due to potential liftoff issuesrial
particles, a 2 nm Cr adhesion layer may be deposited before the Au so that the Cr is between the
VO, single crystals and the Au. The i@yeris demsited at a rate of 0A/s. Hot acetone is

used for liftoff on the sample. Acetone is heatedd8@for around 10 minutes on a hot plate in
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a beaker with a magnetic stir bar set to 300 rpm. The sample, held and positioned the same way
as was described previously in the development step, is placed in this agitating acetone for

5 minutes. ® remove the larger pieces of the polymer, after the first 5 minutes, the sample is
raised out of the solution and pipetted with hot acetdie sample is placed back in the

agitating acetone for 5 more minutes, after which it is lifted out and pipeitiethot acetone.

The sample is then rinsed with clean acetone, followed by IPA, followed by DI water and gently

blown dry with the air gun.

Side View Figure 2.8- Schematic of development use(
when patterning nanoparticles on top of
individual single crystals.
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2.5.31 StackedStructure Bbrication
2.5.3.1- Introduction

To maintain active modulation of Au plasmon resonances while reducing the losses,
which come about from using a ¥Y@in film, it is desirable to fabricate Au and YO
nanoparticlegonformally andn close proximity to each other. This can be achieved using
multilayer EBL to pattern first one material and then the second, either stacked on top of each

other or close together-plane which has been demonstrateRai.[108. The influence of
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VO thin films and VQ nanoparticles on an Au disk plasmon resonance can be seen in Figure
2.9. The resonance is broadened more for thin films than for nanoparticles,db¥v®hich a
measurable plasmenresonance shift still exists when using M@noparticles. Using multilayer
lithography to fabricate such structusesh nanometer precision is challenging, so layering Au
and VQ in the wells defined by a single step of EBL is an easier fabrication process. This
stackedstructure fabricatiop r oces s i s hereaftermed A SSF O

Applying this method to AV O, hybrid structures is challenging due to the difficulties
of interfacinga low melting point material (Au) with a material which requires processing at
450°C. This is also difficult because the two materials are deposited using different methods,

thus making the dynamics of the material plumes during deposition different.

100 Figure 2.9- Simulated transmission for
--===| | Au disks (radius 90 nm thickness 40 nn
5 80" without VO,, on 40 nm thick V@films
B e e (solid lines), and on 40 nm thick \(\O
g 60 disks (radius 90 nm). Insulating (blue)
5 .40 | and metallic (red) V@are simulated.
= e e Figure reproduafrom Ref.[109.
X 20 Insulating Stacked VO2 (Dash)
Metallic Stacked VO2 (Dash)
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Previous worlon SSFfocused on fabricating V&Au stacked disks with a variety of
diameter§11( In these samples, the Y@as deposited via PLD and, after Au deposition and
liftoff, annealed for 20 minutes. A single layer of PMMA 180 timck was used for EBL.

When compared with simulations of similar nanostructures, the experimentally measured
resonance shifts (insulating to metallic Y @or disks with diameters of 122 nm or less were

significantly smaller. This deviation increasedhwilecreasing disk diameter. Only for disks
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with a diameter of 148 nm was there agreement between the simulated and experimental
resonance shift. A summary of the experimental and simulated response of these stacked disks
can be seem Figure 2.10 Itis suggested that this may be due to the Au angifn@mixing,

Au doping the V@, or the VQ not being perfectly stoichiometric. It is suggested that the
annealing time (20 minutes) and/or the annealing temperaturé@35@ decreased to reduce
theseeffects. More details regarding the fabrication, simulation, and characterizbtios o

previous work or8SFcan be seen iRef.[11(.

120 Figure 2.10- Simulated and experimental
100 ¢ resonance shifts for VQAu stacked dik
°® fabricated with one step of EBL as a functig
80 P = of the disk diameterThere is pooagreement
° below 150 nm diameter disks. Daiiee

extractedrom Ref.[110.
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Here, VOQ-Au, Au-VO,, and AuVO,-Au stacked structuresre fabricated and the
processes used aredified to optimize th&SFmethod. The sanhgs fabricated with th8SF
method are characterized with a variety of tools. SEM is used to verify that the EBL was
successful and measure thepiane dimensions dhe various Au and V@ayers, which can be
distinguished thanks to their different conductivities. AFM is used to measure the height of the
composite structure. Based on the heights of pure Au nanoparticles, the height of the VO
composite structgrcan be determined. To verify tiilaére were no errors durinige VO,

depositionprocess such as an incorrect gas atmosphere-M Riuttering targeta VO thin
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film witness sample deposited at the same time that thens@oparticles are fabricatesl i
annealed and measured in tamperatureependent transmissiaetup. If a hysteresis with a
reasonable contrast and critical temperature is obtained, then characterization of the sample
containing VQ nanoparticles is continued. The 5s ortémapersaure-dependent transmission
setup with spectroscopy modifications is used to measure the transmission spectrum of the
hybrid Au-VO, nanoparticle sample both above and below the pf@se transition. The choice
of spectroscopy setup is determined by tke sif the nanoparticle arrays being measured. For
small arrays where the expected resonance shift over ta@h&3e transition is small,
transmission spectra above and below the p@setransition temperature are measured both
before and after anneadj to isolate the effects of the YPhase transition from other
temperaturalependent effects. The simulated transmission spectra of the nanopatrticles above
and below the phase transition are also determined by simulating the nanostructure in Lumerical
FDTD using the experimental dimensions measured via SEM and AFM. Thus, the simulated
and experimental spectra of the nanoparticles can be compared.
2.5.3.2 Fabrication Process and Rationale

A description of the steps taken to fabricate VWD,-Au stackedlisk nanostructures,
named finano wedding cakeso because tha top
bottom Au disk, and the ratioredor these steps follows. The IT@lass substrate is spaoated
with 90 nm of 495 A2 PMMA and 70 nm of 950 AMMA and baked after each layer is spin
coated. After EBL and development, Au is evaporated as described above, to a thickness of
20 nm. Radio frequency magnetropugtering of VQ is doneusing a tilted sample holder raised
up 40 mm from its lowegiosition with the samples faced towards the sputtering source. The

sample holder does not rotate for this deposition. The QCM setpoint is 45 nm, yielding a VO
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nanoparticle thickness of 26 nm. A second layer of Au is evaporated, also to a thickness of
20 nm. A longdurationliftoff is carriedouton the sample to remove the residual PMMA.

The sample is suspended vertically in a beaker of acetone heatet@®@ hot plate.
The beaker is covered with parafilm, and the sample soaks in théslleetone for four hours.
The sample is pipetted with acetone while still submerged to remove large chunks of polymer,
then removed from this beaker and placed in a beaker of clean acetone with the lithography
facing upwards, and sonicated for 10 sesontihe sample is then removed from the beaker,
rinsed with DI water, and gently blown dry with compressed air. The sample is annealed as

described above.

Radio frequency magnetropugtering is used to deposit Y@stead oklectron beam
evaporation EBE) or pulsed laser depositiqPLD). UsingEBE to make VQ nanopatrticles
leads to large shadowing, producing particles withllemdimensions than inteed. ThusEBE
is not used herePulsed laser depositias neglected in favor dRFM sputtering, as PLD is a
longer and more complex process tiRdRM sputtering. Pulsed laser depositiemade VQ,
though, has been used to produce \XD nanoparticle disk stacks, named Pacman particles for
the shape of particles around the edge of thgr.arfhese nanoparticles were used to verify that
Au and VQ can be used to fabricate stacked structures where the Au grnor@rties
(plasmon resonance and phase transition) are battiaimed after annealing. The&man
particles are fabricated thrgli the following process. First, the I7gdass sample is spitoated
with 100 nm of 495 A2 PMMA and 140 nm of 950 A2 PMMA and baked after each layer is
spin-coated. After EBL and development, 40 nm of PLD,V@owed by 2 nm of thermally
evaporated Crrad 40 nm of thermally evaporated Au deposited onto the sampléfter

liftoff, the sample is annealed as described in the earlier annealing samples section.
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Figure 2.11- (a) Tilted SEM of Pacman
particles showing Au nanoparticles and
underlying VQ nanoparticles of a larger
diameter. (b) Tilted SEM of edge of
nanoparticle ar tay,e
nanostructures. (c) Simulated (dashed cur
and experimental (solid curves) transmissig
response of nanostructures; blue (red) curv
indicate reponse with insulating (metallic)
VO..

F'S
o

D
R e e A A A e 1 o 12
o K

Simulated %Transmission

N
o

Experimental %Transmission

700 800 900
Wavelength (nm)

In this casethe substrates wenmounted on a tilted holder instead of a flat holdeRF
M sputtering The tilted holder is angled such that the sample surface is oriented perpendicular
to the direction ofputtered atoms coming from the sputter gun and raised 40mm from the lowest
position. In contrast, sputtered atoms from the sputter gun strike the flat holder (rotating) at an
angle. Thus, fewer atoms of Y@ach the bottom of the wells in PMMA pattedriey EBL
when the flat holder is used instead of the tilted holder, reducing the thickness of the resultant
VO, nanopatrticles. Images of the flat and tilted hol@ed their orientations the RFM

sputtering system are includedrFigure 2.12
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‘Sputter gun S Sputter gun

Figure 2.12- Images of the (a) flat and (b) tilted sample holders. The blue rectangles
represent the locations of samples duringRReM sputtemg depositions. The top image
show the holders with the side being deposited on facing up. A side ifpigeided in
(b) to show the angle of the tilted holder. The bottom images show the sample holde
place in theRFM sputtering chamber and show the orientation of the samples with re
to the sputter gun.

A thin (160 nm) double layer of PMMA wsaused instead of a thicker (300 nm) double
layer when depositinB~M sputtered VQusing the tilted sample holder, even though a lower
PMMA to nanostructure thickness ratio increases liftoff difficulties. The thin double layer
consisted of 90 nm of 4952 PMMA and 70 nm of 950 A2 PMMA, and the thick double layer
consisted of 100 nm of 495 A2 PMMA and 200 nm of 950 A4 PMMA. The thick double layer
did not permit fabrication dRFM sputtered V@nanoparticles thicker thani710 nm as

measured by AFM, wbh is too thin to cause a measurable plasmesonance shift in the
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underlying Au nanopatrticles due to the small change itotta dielectric environment. The

thin double layer permitted fabrication of 30 nm thick M@noparticles, which is sufficietd

induce a measureable plasm@sonance shift in the underlying Au nanopatrticles. A geometric
argument is suggested to explain the effect of the PMMA thickness on theaviGstructure

thickness. EBLpatterned wells of the same radius have a highde afigicceptance if they are

shallower, permitting the deposition of mé&e-M sputtered VQ. A schematic of this is shown

in Figure 2.13.Using the thicknesses of the 950 PMMA layer for the thick (200 nm A4 PMMA)

and thin (70 nm A2 PMMA) double layerqumesses, described above, as the well depths and

100 nm as the well radius, t hevaleesnadstand2? accep

for 70 nm and 200 nm thick wells, respectively.

Figure 2.13- Schematic showing the largest angles which depositing material (blue lines)
have and still reach the bottom of the Epatterned wells in the PMMA and deposit there to
form a nanoparticle (blue). The angle of acceptance is clearly smaller fquex &&¢MA well
t han for the shall owegisiwthdrightpanelSc hemat i ¢

A long liftoff process including sonication was used for these samples instead of a short
process, when the samples were smated with 90 nm of 495 A2 PMMAnd 70 nm of 950 A2
PMMA. The short process is suitable when thicker PMMA is used, as the liftoff is easier when
the ratio of the PMMA height to nanostructure height is higher. The short process is unsuitable

for use with this thinner PMMA, as significam@sidual PMMA remains on the sample surface
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following liftoff. A long process yields a far cleaner surface while not being aggressive enough

to remove the AW O, structures. A comparison of the samples where liftoff was sktwhg

can be seem Figure 2.14with irregularly shaped dark regions indicating areas where PMMA
remains on the sample surface. The short liftoff process consists of soaking the samf in 80
acetone for 10 minutes with a magnetic stir bar rotating at 300 rpm, pipétiisgriple with

clean acetone, soaking the sample in heated acetone for a further 5 minutes, pipetting the sample

with clean acetone, rinsing the sample with IPA followed by DI water, and blowing the sample

dry with compressed air.

Figure 2.14- SEMs d stacked
disks and dolmens following a
short (red) liftoff procedure or a
long (blue) liftoff procedure.

The fabrication results of the nano wedding cake structures are discussed below. From
AFM, it is determined that the bottom and top Au layershath 20 nm thick and that the YO
layer is 26 nm thick, which is sufficiently thick to cause a measurable plasgsonance shift in
the surrounding Au disk nanoparticles, shawirigure 2.15 Fromthe SEM, shownn Figure

2.15 it is evident that theditom Au layer and the VQayer havdifferent diametesthan the
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top Au layer. At the edges of the arrays, the top Au layer is also offset from the bottom two
layers, as shown below. This smaller diameter ranges fréat®53% of the bottom layer

diameter as the bottom diameter ranges from 158 to 197 nm. It is suspected that the difference in
PMMA molecular weight, and thus volume of PMMA exposed and removed, between the top
layer (950 PMMA) and the bottom layer (495 PMMA) is the cause of this weddkeyeffect.

As the nanostructure thickness gets close to the thickness of the 495 A2 PMMA, there is less
room for the deposited material to expaadially and fill the footprint of the well, as shown in

Figure 2.16 This may explain the wedding cakeape of these nanoparticles.

« Metallic VO,
0 = Insulating VO,

400 600 800 1000
Wavelength (nm)

Figure 2.15- Nano wedding cakes. On the left is an SEM of nano wedding cakes with
top Au layer (diameter 124 nm) centered on underlying &t Au layers (diameter

197 nm). In the center are the simulai@esmission spectra for metallic and insulating
VO,. The dimensions are those of the experimentally fabricated samples at the left. C
right is an SEM of nano wedding cakes with top Au layer (87 nm) offset from the cente
the underlying VQand Au layers (diameter 158 nm).
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Deposition source

High weight

Low weight

Figure 2.16- Diagram showing the radius of a particle (blue) with increasing height ir
two layer EBL-defined well. High molecular weight PMMA (950 PMMA) is shown in
dark gray and low molecular weight PMMA (495 PMMA) is in light gray. Blue arrows
show the angle ofcaeptance for material deposited into this well. The nanoparticle
decreases in diameter as the nanoparticle thickness increases.

Based on these results, a few modificasicould be made to ti8SFprocess to improve
the resultant At/O, hybrid nanopeicles. Coupled usage of a single layer of PMMA and a
longer liftoff time than employed here may reduce the nano wedding cake effect without
decreasing the quality of the liftoff. Changing the \d@position method back froR~M
sputtering to PLD mayeduce the likelihood of the \W@hickness during deposition cutting off
at a thickness that is too thin for the desired nanostructures due to geometric constriduimts. A
diffusion barrier such asapphire (AlOs), between all Au and V@ayers should also prevent
any intermixing or doping between the two materials. Simulations would need to be run to
determine the influence of diffusion barrier layers on the optical properties of-&®Abybrid

nanostructure before implementing thisdification.

2.5.4- Significance of ©ntributed Fabrication Bvelopments

The fabrication developments described hdedricating norscattering VQfilms,

patterning nanopatrticles atop Y€ingle crystalsandfabricatingstacked AevO,
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nanostructures provide new sample geometries for examining the interaction® qifthse
change material VOwith Au plasmonic nanoparticles. These developments allow for the
hydrogen doping of V&thin films probed by embedded Au nandjes and the phase
coexistence of V@single crystals to be examined as well for stacked/@4 dolmen

nanostructuret be fabricated, as discussed in the following three chapters.
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CHAPTER 3

VO, SINGLE CRYSTAL PHASE COEXISTENCE

The results of this worire published in Nanotechnology with DQD.1088/136%6528/aa5652
The citation for this papes as follows:
McGahan C, Gamage S, Liang J, Cross B, Marvel R E, Haglund R F and Abate Y 2017

Geometric constraints on phase coexistence in vanadium dioxide single crystals
Nanotechnolog®8 085701

3.17 Introduction

The appearance of ordered, coexisting phases duphgse transition is characteristic of
VO; single crystals.Stripes of metallic (M) and insulating (I) \(Qas well as their associated
atomic structures, have been examined in ¥i@gle crystals as a function of strain, doping,
temperature, and electricaurrent, among others. In these studies, the M and | stripes are
oriented perpendicular to the long axis of the,\édgle crystals. With a single exception in
literature, though, all the research looking at ordered coexisting M and | phasessSmy/©
crystals has been done using high aspated crystals and assuming that the coexistence is the
same as a function of depth, leaving the physics of M/I phase coexistence on lowatgpect
VO3 single crystals and the depdependent M/l phase coexistence of \dihgle crystals
unexamined.The M/l phase coexistence for a low asp@tio single crystal was shown here to
have a different pattern of M and | domains than previously observed badigpthdependent.
A novel herringbone pattern of coexisting M and | domains (seen at the right in the schematic

below) altered by ferroelastic domains was found in a low aspgatsingle crystal probed via
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s-SNOM and far field optical microscopy, aontrast to stripes seen in high asgetio single
crystals. The weltknown perpendicular stripe pattern were reproduced indsglectratio
nanobeams, as can be seen on the left p&igafe 3.1111] Furthermore, it was discovered

that M domains nucleate below the crystal surface using the response of plasmonic antennas
placed on the crystal surface, suggesting that M domains nucleate at the substale

interface and grow towards the surface with increasing temperature as opposed to being the M/I
phase coexistence being deptbdependent.The results suggest that aspratio alters the

pattern of phase coexistence in 3&ngle crystals and that the phase coexistence is-depth
dependent.This herringbone pattern of M/l phase coexistence may be related to the absence of
an aspeectatio-related geometric constraif80, 117 and to substratenduced strain that is

relieved by the formation of ferroelastic domdih$3 This work is a starting point for more
sophisticated probing of pea coexistence in V{Xingle crystals as a function of depth within

an individual crystal and as a function of crystal aspect ratio. For example, a plasovetie

or other structuredntenna placed upon thin Y®&ingle crystals would be sensitive to M

domains nucleating at the substratgstal interface and the growth of & domain cald be

probed using the plasmaasonance shift of the antenna as a function of temperature.

3.2- Background

Single crystals of V@exhibit coexisting, ordered metallic (M) and insulating (I) domains

in thermal equilibrium that have been observed using scatiecagning neafield optical

microscopy (SSNOM)[111, 114 pumpprobe sSNOM[115 116 scanning neafield

microwave microscopjl13 117 and optical microscoppll7, 118 Coexisting, ordered
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monoclinic (M1 and/or M2) or triclinic (T) and rutile (R) domains have been observed in thermal
equilibrium via Rama spectroscof®3, 113 116, 119 with insulating VQ observed to have

M1, M2 or T crystal structure and metallic Y@bserved to have a rutile crystal structure.

Rutile and M1 structural domains hawveen shown to correspond with the locations of

coexisting M and | domains imaged with reflected white light, respectjt@ly. Transient

coexisting metallic and insulating domains have also been observed in nanobeams using optical
pumpTHz probe sSNOM even below the fluence threshold required to initiate the completed
phase transitiofil16 Ordered phase coexistence of stripes perpendicular tr thés or in a
herringbone structure has also been observed in cracked epitaxiiliv&on TiO, which form
ribbong112 121, 127 as well as single crystals both on their growth subsisftel 11, 113

117,118 123 and clamped on a different substrgt&9d due to strain.However, with a single
exception in the literatufg0] these gperiments have been carried out on micionanobeams

with high aspect ratios and, until now, no one has investigated in detail the critical issue of stripe

phases in geometries with low aspect ratios typical of bulk single crystals.

L
Cr

N

Figure 3.1- Phase coexistence patterns for)&ihgle crystals. Perpendicular stripe pattern
shown on the left and pure herringbone pattern shown on the Atilthe herringbone domains
form atd from the & direction. Yellow domains indicate metallic V{&and red domains
indicated insulating V@ Arrows indicate the direction of the rutibecrystal axis of VQ.
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3.3- Materials and Mthods

Coexisting M and | phases in ¥®ingle crystals were examined during the thermally
induced IMT using a commercial (neaspec.corBNOM integrated with a laboratehuilt
heater (Figure 3:2). A platinumviridium-coated atomic force microscope (AFM) tip, oscillating
at a resonance fregocy of 28(KHz, was illuminated by a focused GDa s er g(n®= 1a0t. 74 5 ¢
with respect to the sample surfd@@4, 125 A fraction of this ight was focused by the AFM
tip to a nanoscale light source at the apex of theTie excitation laser was polarized
perpendicular to the plane of incidencgp(darized) and the scattered signal was detected in the
plane of incidence {polarized). The scattered signal from the-sample interface was
demodulated at harmonics of the tip frequency to suppress the background from the light not
focused by the AFM tip and detected via pseudoheterodyne interferorBgtrgster scanning
the sample surtae, concurrent topographical (Figure-BYand neafield optical (Figure 3.Z)
images of V@ single crystals and Au nanoantennas were recorded as a function of temperature
with 15nm resolution.Vanadium dioxide switches from | to M at an applied eiedield of
order 2x16 V/m to 7x10 V/m[62, 126 and also when exposed to a picosecond pulse of
alternating current (AC) terahertz electric field with a peak value of*I/0,[127 both of
which are initiated and driven by the Poéleenkel effect. These threshold values are orders of

magnitude higher than the 6x19/m electric field of the C@laser used to excite the plasmon.
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Figure 3.2- Schematic of the-SNOM setup (a), topographic (b) and second harmonie ne
field amplitude (c) images of a single crystal M@nobeam grown on sapphire substrate
recorded at 8aathpkaasatur wa gn@ Bdle lgat ahtop ob(l 1 0 .
represents 50 nm and applies to (b) and Qptical amplitude image of the strained beam
displays the formation of coexisting metallic (bright) and insulating (dark) domains even
below the critical temperature. Figure reproduitech Ref.[12§].

The topographic image of a \(@anobeam (igure 1b) shows a uniform crystal, free of
defects and grain boundaries, indicating that the optical comirgjure 3.2c is not due to the
existence of multiple grainsThe strong contrast in scattering amplitude-BINOM at 10.% m
is due to local variations in the polarizability of the sanpp® 124 due to differaces between
the optical constants of \n M and I regionsFr om el | i psome®2r 4,28 tdeUval
forIVO,a n ¢-3U 3 ,a48 fbr MIVO, are measuredBased upon the V{bptical
constants, the M regions are expected to have strong scattering amplitudes due to the large
negatdamnd |Uar gewhpreas lirdgions are elpected to have weaker scattering
amplitudes dueanad 529 Imbikivay, sSN@M can image the phase
coexistence in Veusing a CQlaser and M and | domains can be identified based upon their
relative scattering amplitudes.

Figure 32-c shows the-SNOM amplitude image of a \anobeam below the critical

temperature for the IMTRegions with strong scattering amplitudes are coded as bright
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(represented by yellow) and correspond to scattering from metallicv®ains, whereas
regions with weak scattering amplitudes are assigned as dark (represented by red) and
correspond to insulating domainSince sSSNOM images the local permittivity of the sample
within the optical neafield of the tip at the excitation wavelength, the probleime extends
into the bulk of the crystall24, 130-135 within the penetration depth of both insulating and
metallic VO,. Thus, at 10.2 m, -BNO3M issensitive to the phases of M@mains well
below the surface of a single crystal.

Vanadum dioxide singlecrystal microbeams were fabricated as describ&hapter 2.
The VG, crystals were grown on a silicon substrate covered with its native thermal oxide,
typically 2 nm thick as measured by ellipsomet8hromium alignment markers were patterned
photolithographically after crystal growth, allowing specific crystals to be located by scanning
electron microscopy (SEM) andSNOM as described i@hapter 2.Due to the strong contrast
of the IMT in sSNOM at md infrared frequencies, the gold antennas (Br2by 300nm
nominal dimensions) were designed to be resonant witheléa7 | i ght and fabricat
individual single crystals via EBL with a RiaieLINE system as described ih&pter 2. The
crystal choserffor this experiment has an aspect ratio of 5:1, which differs from that of the
nanobeams examined in Figure-B.2and 3.2c and that of nanobeams with aspect ratios of order
20:1 examined in previous work with the exception of one previous study wieveaapect
ratio crystal was imaged0] The resulting structures are shown in Figure 3.3. Identical Au
rods were oriented on an indmendsadven ngl @0eri
angles to permit iplane polarizatiordependent measurements, as the excitation lagptanne
polarization direction cannot be modified in this apparaketricating Au antennas resonant

with the CQ laser also allowed for simttaneous imaging of the M/l phase coexistence and the
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Au plasmon resonang¢g9] A plasmon resonance can be observed-8)}®M as having

increased scattering compared with its surroundings. This is becausedkeatietecic field

induces thelipole plasmon resonanoéthe nanoparticlewvhich has its own electric field.

These fields combine and are scattered into a detector to produce a high scattering signal. When
imaging the oubf-plane field of the nanoparticle, bhigregions are expected at the tips of the
nanorod, which are basically out of phase witlch othe[13§ This can be seen in the

experimental ' harmonic amplitude and phase images of an individual resonant Au nanorod in

Figure 3.4.

Figure 3.3- Scanning electron
micrograph of V@ singlecrystal
microbeam grown on silicon substrate.
Gold nanorods were fabricated on top ¢
the single crystal @ electron beam
lithography. Figure reproduced from Re

[129.
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140 nm

0 0

Figure 3.4- Topographic (a) third harmonic netld amplitude (b), and third harmonic phas
images (c) of an individual Au nanorod resonant with the excitation laAseplitude and phase
patterns characteristic of a dipole antenna are seen, with regions sthttgring at the rod en
in the amplitude image and a phase shift over the length of theSaadle bar at bottom left
represent800 nm.

3.4- Results andDiscussion

3.4.1- Phase Coexistence in HigkspectRatio Single @ystds

First, theinsulating and metallic domains in narrow (+88), highaspectratio VO,
singlecrystal nanobeams (Figure 3.5) grownvaporphase transpofL18 123 on a sapphire
substrate were investigated as the coexistirages evolved in temperaturBhe uniformity of

the single crystals was verified via topographic measurements (Figeag J.be nucleation of

M phases during the IMT can begin at random locations on a single crystal, as in the onset of the

IMT in polycrystalline thin films[129 Due to the higkaspectratio and the crystallinity of
nanobeams, strain at the crystabstrate interface causes the domain structure to evolve by

forming well-defined and periodic metallic rutile and insulating snotile domains

perpendicular to thes (along the long dimension of the crystal) axis which span the width of the
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crystal[118 Atthe onsetofthe IMT;~63e C) i n t he nanobmaahc examin
nanodomains form perpendicular to tkeaxis and grow in size as temperature increases,

forming a periodic pattern of stripes evolving towards a dominating bright phase at high
temperature~90e (Fgure 3b). The ordered coexistence of M and | domains is ideal for

determining the effect ohe nanorod plasmon on the IMT; however, it is not feasible to fabricate
3.2um long Au nanorods resonant at the excitation laser wavelength on these nanobeams due to

their narrow width.

B ] T-63C  T=66°C T=71°C  T=73°C
0 570 nm 0 ] max

Figure 3.5- Topographic (a) and second harmonic Hedd ampltude images (b) of single
crystal VQ nanobeams with width less than 1@ grown on sapphire substratgcale bar at
top left represent$00 nm. The amplitude plots (b) show how the IMT evolves as a function
temperature, with insulating domains shown in orange (dark) and metallic domains showr
white (bright). Figure reproducettom Ref.[12§].

3.4.2- Phase Coexistence iroW-AspectRatio Single Cystals
To explore interactions of the Au nanoantennas with single crystala/@0,
microbeam (estimated thickness Z500 nm from tilted SEM) was grown on Si. The
microbeam was wide enough (lateral dimensiore8d) t o al |l ow f pmlonfabr i ca’
dipole antennas resonant with the excitation laBegure 3.6 displays topogrhajeal
(Figure 3.6a), neaifield amplitude (Figure 3:8), andpolarized optical microscopy

(Figure 3.6¢) images of Au antennas on this microbedrhe smooth topography in
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Figure 3.6a indicates a uniform single crystal. As with nanobeams, stripsgan in the
amplitude image (l§ure 3.6b), indicating the formation of coexisting M and | domains in this
microbeam.The gradations in brightness of the M stripes indicate variation in the M domain
scattering signal which may be caused by different Malas being buried at a variety of depths
beneath | domains at crystal surfaddis suggests that in Figure d6the rightmost metallic
domain is farther from the crystal surface and buried deeper in an | domain than the bottom
portion of the leftmosinetallic domain because the bottom region of the leftmost domain
exhibits more scattering than the rightmost metallic dom@ire sSSNOM technique, however,

is unsuitable for quantitatively probing the depths of buried domains, as the scattering signal is
generated from a nanoscale light sourt®se interaction with the phashange material within
the source near field extends to depth which is difficult to predict and will change as the M

domains grow.
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Figure 3.6. SSNOM topography (a), secotichrmonic neafield amplitude imaged at
T~73eC and recorded a&m(b) andaoptical wierosampe dchimagds
Au rods fabricated on a \V\@nicrobeam grown on silicon. Scale bar at top right of (a)
represents 1.5 m Arrow in (a) indicates the direction of tleg axis in all three figures.
Regions in (b) where the metallic domain walls deviate from the herringbone structure g
labelled 1, 2, 3 and 4Large alternating regions of bright and dark regtas in (c) are
ferroelastic domainsFerroelastic domain walls corresponding to interruptions in the
herringbone structure are labelled 1, 2, 3 and 4 to match the labels Figje adapted from
Ref.[12§.

In the lowaspectratio microbeam, metallic rutile and insulating rotile domains

primarily form a herringbone pattern oriented at 50+5 degrees with respecttathe (marked

in Figure 3.6a). Mirror symmetry occurs in M1 V&because both directions are energetically

equivalent and correspond to the eneeguivalent orientations of the monoclimi@xis
(described in Ref[112, 127 and observed in a \&rystal in Ref[50]). This ties the atomic
scale response of \\@o mesoscale propertiedt. is posited hat the low aspect ratio of the
microbeam is responsible for the observation of the herringbone pattern here and50]Rsf.

opposed to the domain pattern of stripes perpendicular t thas observed in highspect
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ratio nanobeamjgl11, 113 117,118 123 However, in the microbeam some M domain walls
are oriented at 505 degrees with respect taglais in one region but bend to become
perpendicular to theg axis, in a deviation from a pure herringbone pattern.

The deviations from the herringbonetpat are correlated with the positions of
ferroelastic domainsFerroelastic domains were first observed in,\&Droom temperature using
polarized faffield optical microscopy and scanning microwave microscopy to examine
nanoplatelets comparable in widththe microbeam studied hqiEl3 117 Ferroelastic
domains were further examined at room temperature on single crystals with M1, M2, and T
crystal structures, and confirmed by Raman spectrog&3pyThese ferroelastidomains form
in reaction to stress in the monoclinic phase obVid M1 VO,, as the temperature is increased,
the ferroelastic domains switch between enargyivalent orientations of the same monoclinic
crystal structure.The largescale ferroelastidomain patterns that form in M1 \d@re related to
the crystal width and the strength of the interaction between the crystal and the spids3rate.
The ferroelastic domains in M1 \i@ndthe M/I stripe phases couple due to their mutual
interaction with strain; walls between paraighne ferroelastic domains in M1 ¥@riented
perpendicular to theg axis serve as nucleation sites for metallic rutile domains off ¥T3 that
do not conform to the herringbone pattefiM/I phase coexistence.

Polarized optical microscopy of the Y@icrobeandecorated with Au nanorods in
Figure 4c shows the positions of ferroelastic domains and nanoantennas on the crystal probed
with sSNOM in Figures 3. and 3.6b. The Au nanoantennas can be seen in Figure 36
narrow bright areas at locations corresponding to the bright regions in FigiaeThé
ferroelastic domains are manifest as bright rectangular regions and a dark backég®thmel.

ferroelastic domamare oriented perpendicular to thgaxis of the microbeam, they are of the
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paralletplane type and can serve as nucleation sites for metallic rutile dojhaBhsThe
ferroelastic domain boundaries that nucleate metallic domaimsaaked in Figure 3:8. These
labels correspond to numerical labels in Figurebivéhich indicate locations where the
herringbone structure is interrupted by metallic domains perpendiculardgdRs.

For example,condier t he r e g i KgaresrB.&brakde3dc.ImF2gore 3.6h,
a domain wall | ocat ed at cdaRi®inthedottonr haleohthee d
figure and oriented at 505 degrees with respect toghgis in the top half of the figureThe
part of the domaimvall oriented at 505 degrees with respect tocthexis follows the
herringbone pattern, but the domain wall

part of the figure.In Figure 3.6c, there is a boundary between a bright and a @ar&dlastic

domain at the | ocati on mardaxidin fiiebottom lat of then g

figure. This is evidence that the ferroelastic domain wall has nucleated the M/l domain wall
| abel | eBycompariny Aunbered regionskigures 3.éb and 3.€c, it can be seen that
the numbered ferroelastic domain walls line up with thosed@lundaries that differ from the

herringbone structureThis indicates that the ferroelastic domains influence the formation of

permp

| abe

per

metallic rutile domais and, thus, cause deviation from the herringbone structure, as the metallic

domain walls nucleated at each of the four numerically labelled positions would not have

occurred if not for the ferroelastic domain wall at each labelled position.

Microbeams VO, exhibit ordered, coexisting M and | phases that should in principle

interact with plasmonic Auanorods by altering the plasmogsonance frequency, which will
change the amplitude contrast observed \BN©OM. Nevertheless, in Figure 3§ we do ot

observe detectable modification of the nanorod plasmon resona@hiseindicates that Au

nanorod antennas are not influenced by the phase coexistence, though the Au nanorods were
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simulated to be resonant with the exciting lagéris is unexpected gan the quenching of the
Au nanoantenna plasmon resonance seen in Au nanorod plasmons in direct contact with M
domains of thin filmg59] The next portion of this chapter explores the reasons for this lack of

interaction based both oaxperinents and simulations.

3.4.3- Verification that Plasmonic Particles are Resonant with Excitation Source

Verification that the Au antennas are resonantwith8007 | i ght by examinir
amplitude and phase response at room temperature uSIN@M is carried outWhen a
nanorod antenna is oriented parallel to the laser polarization and resonant \egiethe
wavelength, the laser excites the plasmonic dipole mode of the rod, giving ridstiocive
amplitude and phase contrast at the rod ¢h8d. Figure 3.7 shows experimental topographic
(b), 2" harmonic neafield optical amplitude (c), and phase (e) images of Au nanorods on a VO
mi crobeam t akmemanat a#d=1 @ .dMe ditection pfehepakisis e .
indicatedin the SEM inFigure 3.7a. We observed the characteristic amplitude and phase
contrast when the nanorod antenna and laser field are parallel, and at other rod orientations the
dipolar signature is weakThis is expected due to the contributiorthe scattered lightom the
metallized AFM tip used to image the IMT simultaneously with the Au plasm&ss result of
strong local antennfeld distortions caused by the metallic AFM tip, even Au rods oriented
perpendicular to the laser polarizatishowed bright optical amplitude and phase contrast.

The orientatiordependent excitations were simulated using fidifeerence, time
domain (FDTD) computations shown in Figures-8.@nd 3.7, which exhibit decreased field
intensity and reduced phase contrast at the nanorod ends, as the angle betma®rdddong

axis and polarizati on o fTakemtegetheg these imdges indicate at e d
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clearly that the antennas have resonant excitation wavelengths close to the incidgmt [B8&f

light.

Figure 3.7- Images of the Auanorod
array: (a) SEM, (b) topographic, (c)
experimental second harmonic near
field amplitude, (d) FDTD simulation o
electric field amplitude, (e)
experimental second harmonic phase
and FDTD simulated phase images of
Au antennas fabricated on a Y€Ingle
crystal microbeam and recorded at rog
temperature. (c) and (e) were recorde
whil e excited bsgm
Arrow in (a) indicates the direction of
thecr axis in all six figures. Figure
reproduced from Ref12§.

(M

3.4.4- Depth Dependence of Phase Coexistence

Results from <SNOM imply that the metallic rutile stripes in the microbeam form at the
crystatsubstrate interface and are not within the plasimteraction range of the Au nanorods
on the surface of the \W@s soon as the M domains nucleademeasure of the plasmon range
for Au nanoparticles resonantraarIR wavelengths using Lumerical FDTD can be seen in
Appendix F. Though metallic domas more than severahnometerselow the surface of the
singlecrystal microbeam cain principlebe probed usingSNOM[124, 130-134] the metallic
domains are too far beneath the crystal surface to interacthsithut nanorods due to the rapid
decay of the oubf-plane plasmon fieldThus, the Au nanoantennas do not show the measurable

guenching seen in previous thin film studigg}
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Figure 3.8 demonstrates this principle, showinggiteevth of M domains toward the top
surface of the crystal as the temperature varies, how the difference betwe&NtD&igprobing
depth and the maximum plasmon interaction depth alters$iNO3Vi image formation, and how
the dipole plasmon is altered hetIMT. Figure 3.8a represents a plasmon dipolar mode on top
of the insulating phase of \With an M domain located far from the crystal surface and s
SNOM probe rangeMore heating (Figure 3-B) causes the metallic domain to grow nearer to
the crystasurface and within the probing depth e58IOM but not within theénteraction range
of the plasmon supported by the metal nanpleal/ing the plasmon resonance unaltered from
Figure 3.8a. The M domains imaged in Figure 38an be seen in this stagfegrowth, in
range of the<SNOM but not of the plasmons and, thus, the M domains do not alter the plasmon
resonance. Further heating (Figure-8)®rings a metallic domain into the plasmon interaction
region, altering the plasmon resonance from the & Figure 3.8, represented here as a
decrease in the strength of the electric near field on the right side of the nanorod and a possible
shifting of the plasmon resonancéhis was observed for plasmonically resonant nanorods on
VO, thin films[59] The process continues in Figure-8.8vith the electric near field on the right
side of the nanorod being completely quenched and in Figwe8ttere the near field on the
right is completely quenched and the near field oneties weakenedln Figure 3.8f the entire
VO, crystal is metallic and the plasmon resonance corresponds to that which would be seen for
the Au antenna on metallic \(Ocompleting the proces®©ur observation that metallic domains
nucleate beneath tleystal surface is further supported by thdemensional SSNOM imaging
of VO, polycrystalline ribbons thinner than our 2500nm microbeams, being only 30
300nm thick[112] Metallic rutile domains were shown to preferentially nucleate at the VO

substrate interface to reduce the strain, which is the highesit attédrface. The matlic
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domains were observed to grow towards the surface of thekeonly occasionally appeared

as stripes on the polycrystalline ribbon surfpcE?]

Temperature >
a b d (e) (H
sketched —
s-SNOM
top view
sketched ]
side view . N
Metallic VO, under insulating Plasmon
VO, — lighter colors indicate dipole Maximum plasmon Maximum s-SNOM
Insulating VO, metallic domains near surface  Metallic VO,  Aunanorod — mode interaction depth probing depth
- - - . ..........................................

Figure 3.8.Schematic of Au nanorod on \d@rystal showing (top) the sketche®&BIOM image
corresponding to (bottom) a given pattern of coexisting pt@ses in depth as a function of
increasing temperaturé.he plasmon dipole mode, maximum plasmon interaction depth; ar
SNOM probing depth are superimposed on the ddpgiendent diagram<lectric field is
parallel to the long axis of the nanoroaaim in the sSSNOM top view. One metallic domain (a
out of range of $SNOM and plasmon field, (b) in range e881OM but not plasmon field, (c) ir
range of both<6SNOM and plasmon field. (dJ) Trend toward purely metallic V{progresses
Figure reprduced fromRef.[12§).

A logical future step will be to investigate the interaction of plasmotn few
nanometer thick V@single crystals such that Au nanopatrticle plasmons would be sensitive to M
domains even at the cryswlbstrate interface and act as local proligshing methods, as
recently described in Rgf138], have been used to reduce the thickness oftki@ films.
Neither hese methodsor any others, have notdéetested to thin V&single crystals.
Unwanted etching of the sides of single crystals must be considered and minimized in addition to
the desirable etching of the top of the crystal to obtain a thin crystal while preserving the original
footprint of the crystal.Significart process development will be needed to adapt these etching
methods for the purpose of thinning but not shrinking ¥i@gle crystals while maintaining

crystals free of grain boundaries and switchingVOhe M domains in thinner crystals than
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consideredn the current work could also be detected {8NOM as soon as the domains

nucleate and modify the gold plasmons on the surface of the crystal.

3.4.5- Simulated Influence of PlasmoreBonance on VO

It has been demonstrated that for the sample teatyeat whichthe amplitude image
shown in Figure 34 was measured that the Y@hase coexistence does not influence the
response of the Au nanorod plasmon resonance because the M domains are not within the
plasmon interaction regionThe next investigtion is whether the Au plasmon resonance could
influence the V@and locally induce the PTThe CQ laser incident upon bare \d@oes not
provide a high enough electric field to induce the,¥Witch on its own, but plasmonic particles
at resonance hawnhanced local electric fields in comparison to the incident electric field.
Finite-element method (FEM) simulations were used to determine the magnitude of the local
electric field of an Au nanoantenna on top of insulating W@en excited with thelectric field
of the CQ laser used in these experimeniar adiscussioron the FEMiechnique seeRef.
[12]. As can be seen belowigare 3.9a shows the local electric field at the surface of the VO
from the Au nanorod plasmon excited by a,@&3er, scaled to visualize the plasmdine
characteristic dipolar electric field is observed in Figurea3.®n the other hand, Figure 3
shows that there are no regions in the, @@t are above the threstidield needed to switch
VO, (2x10' V/m).[62] Nearthreshold fields (field strengtreater tharix10’ V/m) only exist

beneath the ends of the Au nanoantennas on thesiiface and to a depth less thami@
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Figure 3.9- FEM simulations of the local
electric field (V/m) in VQ from Au nanorod
plasmon (a) scaled to visualize the
characteristic dipolar electric fieldl he field
is scaled to visualize abovkreshold regions
as dark red in (b)The magnitude of the loca
x107 electric field is below the threshold field
necessary to induce the Y@hase transition

1.8
16 % (b). Scale does not apply to (a).
14 =
(@]
1.2 r—_Df:
1 =
08 =
S~
0.6 3
04 =
0.2

The bowtie antenna is one plausible nanostru¢haecouldprovide sufficient local
electric field to switch the V® The bowtie geometry in this set of simulations can be seen in
Figure 3.16a with dimensions G=10m, L=3400nm, W4=600nm, W,=20 nm, and thickness
20nm. An electric neaffield pattern characteristic of a bowtie plasmon resonance is observed in
Figure 3.16b at the surface of the VO The region of fgh electric field at the centerf the
bowtie is shownn Figure 3.16c as a function of depthz) with the electric field scaled to
illustrate, in red, regions of Vxperiencing abovthreshold field. The VO, region
experiencing abovéhreshold electric field from the bowtie plasmon has a maximuphaine
area of 40hm by 30nm as indicated by white arrows in Figure 3cl@nd extends 19m only
into the VQ. This indicates that it is possibledenerate ¢ocal electric fieldsufficientto
switch a small region of Vg but that the fabrication necesgéo do samightbe difficult and

would outweigh the potential insight gained from conducting that experiment.
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Figure 3.10- Geometry of bowtie (a) and FEM simulations of the local electric field (V/m) i
VO, from Au bowtie plasmon (b,c). In (bhe field at the surface of the ¥@ scaled to show
the plasmonic response characteristic of a bowtie antefliogaeups of region in red box are
shown in (c).Slices of the antenna gap electric field scaled to display abhosghold field in
red areshown in (c) as a function of deptiz) below the V@ surface. Scale only applies to (c)

3.57 Conclusions an@utlook

For the first time, the thermally induced IMT and the structure of the phase coexistence in
a lowaspectratio VO, singlecrystalmicrobeam decorated with plasmonic Au nanorod antennas
have been studied to examine the inhomogeneous response of the crystal to the-iasulator
metal transition.A herringboneike M/l phase coexistence pattern with deviations due to
ferroelastic domamhas been observed, confirming that a phase coexistence pattern other than
the commonly observed stripe pattern perpendicular tozthris is possible in V@single
crystals and that the pattern observed may be determined by the crystal aspethesko.

experimental measurements also suggest a connection between the M/l phase coexistence seen in
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strained epitaxial thin film ribbons and single crystals obV®was observed that the
herringbone structure is modified by the presence of ferroetimti@in walls that serve as
nucleation sites for those M phase regions that deviate clearly from the herringbone paitern.
interaction cannot be seen in the polycrystalline, Yiibons.

Decoration of single crystals with resonant Au plasmonic neucigtes establishes the
possibility of using nanostructures as rad@structive plasmon probes of the Mihase
coexistence in the bulk of the crystal to complimeSNOM measurementdJsing the Au
nanorod plasmon resonance, degépendent inhomogeneity VO, single crystals is
demonstrated because M domains nucleate beneath ther¥&tal surface and do not
immediately extend throughout the entire depth of the cry®¥h sufficiently thin single
crystals, the M domains would be within the rangé&hefplasmon field as they nucleate.this
case the plasmon could serve as a #iavasive probe of the growth of M domains with
temperature due to the temperatdependent growth of M domains modifying the local
dielectric environment of the plasmana manner detectable vicEBSNOM.

A survey of the phase coexistence patterns of single crystals of various aspect ratios will
provide further information on the role of aspect ratio on the development of stripes or a
herringbone pattern and how one patteansitions to the other around a critical aspect ratio.

This would not require the use of Au nanorod probes, so the single crystals used here would not
need to be as large as those used for this work and thus easier to find on any given sasple. Th
could be done using a precisitemperature stage and either é8NOM or an optical

microscope since there is contrasthia color of the/O, single crystal above and below the PT

as well as contrast in the scattering amplitude which can be measure8NGN\
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Using the sample described in this work, examining the temperature evolution of the
modified herringbone structure and the evolution of the nanorod plasmon resonance would
demonstrate if, with sufficient heating, the entire single crystas ddecome metalized.

Monitoring the plasmon resonance in conjunction with the evolution of the herringbone structure
would indicate if the surface of the single crystal does undergo the phase transition with
sufficient heating. Also, using the samplech#bed in this work, examining the ferroelastic

domain pattern before heating the crystal and imaging the phase coexistence and repeating this
procedure multiple times would provide information about how fixed the ferroelastic domain
locations are and, tis, how the deviations from the herringbone pattern are altered or not altered

upon repeated temperature cycling.
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CHAPTER 4

HYDROGEN DOPING OF VO; PROBED VIA PLASMONIC PARTICLES

4.1 - Introduction

This chaptedescribes the use of Awanoparticles embedded in Y@in films to
monitor theatomichydrogen doping of the films by tracking ctiges in the plasmon resonance.
This work was done in collaboration with the Max Planck Institute for Intelligent Systems and
Rice University. The @ntents of this chapter are divided into seven sections: background,
sample fabrication, experimental setup and methods, thermal hysteresis data and analysis,
dynamics data and analysis, integrating thermal and dynamic results, and conclusions and
outlook The background section provides information about hydrogen dopingopx®ious
experiments, andifferences between the present work and ead®earch. The sample
fabrication section describ#ése complex route to the preparation of the,¥in s with
plasmonic hydrogen probeShe experimental setup and methods section describes how the
temperaturaependent hydrogen doping of Y{3 probed The thermal hysteresis data and
analysis sectio(Section 4.5}iscusses the plasmoasonance hysteresurves obtained by
monitoring the Au nanoparticle plasmon resonance as the sample is heated from below the pure
VO, critical temperature to above the critical temperature and then cooled back to room
temperaturdor samples prepared by hydrogen domndifferent temperatures. The dynamics
data and analysis section discussegithe evolution of thgplasmonrresonancevavelengthof
the Au nanoparticle while the \\@s doped withatomichydrogen at different temperatures. The

final section discussdkeinformationthatcan be gathered by combinitige thermal and
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dynamics data on hydrogen doping of M8in films. The conclusions and outlook section
details what has been learned from this researclpassiblefuture directions of irgrest based

upan this research.

4.2 - Background

Atomic hydrogen acts as a reversible dopant 0f.VThe metallic state of V£has been
shown to be stable below 2 K in single crystals o, d@ped with hydrogefil39 The metallic
state of VQ canalsobe stabilized below theritical transition temperaturg for pure VQ if
otherdopants are usg83-55] but the metallic state cannot be stabilized to temperatures
anywhere nea2 K. Using 7 atomic perceMo, T. for a VO, thin film can be decreased to
24 °C at the cost of reduced resistivity contyfdst( W doping of VQ thin films to 8 at%
reducesT. to 32 °C. For VQ nanoparticles in silica glasspping with3 at% W decrease$. to
-25°C (248K).[14]] Due to the sensitivity of V@to atomic hydrogen, V@s also used as a
hydrogen gas sensbran important technology since hydrogen gas is explosive but also a
byproduct of many chemical reactions. Before using hydrogen dopeds/be basis for such
devices, it is necessary to understand the physitsedfO, interactionswvith atomic hydrogen.
These aspects include how atomic hydrogen aligthe VQ optical properties, and the
influence of hydrogenation on these properties of the R'Dwith time.

Vanadium dioxidecan be doped with atomic hydrogereitherthe M1 and R states, but
atomichydrogen diffuses much more rapidly whenM®in the R statgl39 because H will
diffuse readily along thehannels lined witloxygen atoms along the rutibg(cg) axis[68, 147

The Hatoms diffusalown the channel by hopping fraomeO site to the nexl42 Hydrogen
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atoms do noteadly diffuse perpendicular to these chani{@éé? For VO, in the M1 state,

these channels also exist but are distorted along ¥#& axis compared to the channels along

thec axis of R VQ, as seen in figure 4.1Thus,atomichydrogen diffuses preferentially along

the monoclinia (my) axis of VQ in comparison to other M1 axgs43 but also diffuses three

orders of magnitudtasteralong thecg axis than equivalenty axis[139 In M1 VO,, the

presence of H also distorts the crystal lattice such that the short and long bond lengths\between
atomsshift from 2.53 A and 3.18 A to 2.61 A and 3.02 &his brings the crystal structure closer

to that of R VQ, which has one a bond length of 2.80 A between V atams stabilizes the

metallic phas¢143 The crystal structures of M1, hydrogen doped Mid R VO, can be seen

in Figure 4.1.

Figure 4.1- The crystal structure for M1,
hydrogen doped M1, and R ¥OBIlue atoms
are vanadium, red atoms are oxygen, and |
atoms are hydrogen. Figure reproduced fr(
Ref.[143.

These changes on the atomic sclbamatically alter the optical and electronic properties
of the VG.. With increased Hloping, the insulating bandgap decreases until it disapjietd]
The resistance of the \l@ecreasegl44] and the current through the Yi@creasegor a given
voltage[51] The color of the V@also changes from that of | \(@ that of M VQ with
hydrogenation, which has been used to calculate the diffusion constdaimé hydrogemto

VO, single crystal§139, 142 With light H doping, T, drops[142 approximatelyl0°C.[144]
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With increased H doping, the conductivity increases with no changg144 The metallic
phase of VQis stable at room temperatyfelZ and even down to 2KL39 With sufficient H
doping, the pure insulating state Y®@ill change to metallic H doped \W@&nd then to a heavily
H doped insulating state based upon the changes in sheet resistanceasfa/idnction of time
in a hydrogen atmosphere.

Previous research on hydrogenation of,\W@s been carried out with a variety of tools
and geometries. A camonly used method is to take an individual M&hgle crystal and
pattern metal contacts for electrical measurements. In this geormétcyrizes and
conductivity have been examined dur{ig4] or after hydrogen dopingsing gold or palladium
as a atalyst to dissociate molecular hydrogen to atomic hydrpg®@ri44 Conductance has
been monitored after hydrogen doping directly with atomic hydragererify that the hydrogen
induced metallic state of s stable down to 2K139 The electrical responseas also
probed during gas cycling ofknd air to show the reproducibility and reversibility of the
responsevhile Pd was employed to create H from[H1, 144 The dynamics of the
hydrogenation were also probed in this geometry, using the current across the single crystal
during hydrogen doping as a probe of the,¥V&1] Two other common methods of examining
VO, during hydrogenatioare optical The first uses Raman spectroscopy on Sidgle
crystals to probe how the crystal structure changes for hydrogenated and unhydrogerated regi
of crystals and how the hydrogenated structure compares to the unhydrogenated gi&jcture.
139 The second method uses the color changefduring Hdoping to calculate the
diffusion constant for H into V@&single crystal$68, 139 142 and show visually that H
preferentially diffuses into V@along thecr axisafter being dissociated fromysing a Pd

catalysff142 The presence of H in the chalsalong theck axis of VO, has also been shown
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experimentally for epitaxial V&xhin films using higkangle annular darkeld and annular
brightfield scanning transmission electron microscopite molecular hydrogen is dissociated
to create atomic hydgen with a platinum catalygt45

Here, the hydrogenation of a polycrystalline M8in film is probed byrackingthe
plasmonresonance shift of Ananoparticles embedded in a ¥m changes.Gold disk
dimers and monomers are buried in a;\Wian film, which is decorated with Pd nanoparticles to
induce theadissociatiorof H atoms from Hmolecules. As the electronic properties of A\&de
altered die to Hdoping and the resonance of a plasmonic particle is sensitive to its local
dielectric environment, shifts in the plasmon resonance of individual nanoparticles provide
information about thehanging phase of théO,. The effect of H on V@is probel as a
function of temperature after hydrogenation as well as at a fixed temperature as a function of
time during hydrogenation. This provides information about how the PT is altered after
hydrogenation and also provides information about the dynami¥®phydrogenation.

This experimental prograns different from previous work oatomichydrogen doping
of VO, because the hydrogenation is bdimcally tracked by the plasmeresonance shift of
embedded plasmonic particles instead of on a more globelusiag thedV response of single
crystals, the V@color change, or Raman spectroscopy. Using the shift in the plasmon
resonance of a plasmonic particle also provides a sensitive optical method for probing the
hydrogenation in contragh previous work This methodllows measurement of the
temperature dependent Y0ysteesis for different amounts of #bping, similar to other
measurements of the switching of ¥i0 the literatureon the efeect of Hdoping and has the
potential forprecisetrackingof the hydrogenation dynamics of ¥OIn this way, it is possible

to compare the thermal hysteresis results with other methods of probing the electronic changes in
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VO, over the PT to verify that the same trends are observed and then use this same method to
probe the dynamics in modetailthan has been previously investigatédiany of the previous
studies on the dynamics of hydrogen doping o%\d6ly detect one process by tracking the color
change and provide a diffusion coefficient based upon that. Some of the previous studies show
that the response of the Y@ H can be cycled but do not analyze the properties of the VO

while the propertie®f the materials are changing. Two previous studies on the dynamics of
hydrogen doping of V@do analyze the properties of the M@hile the material properties are
changing due to the hydrogen, see evidence that two processes are involved in the hydrogen
doping of VQ, and discuss the physical meanings of these two proceéBgesalyzing the
dynamical data using equations to fit this data and determining the physical meanings behind the
fit values, the work described here can examine the relative lmaindns of the two processes

involved in hydrogen doping of VO

4.3- Sample Fabrication

Fourteen identical samples wgmeeparedor this workin collaboration with the Max
Planck Institute for Intelligent System#rrays of 35 nm thick Au disk dime(component disk
diameter 250 + 10 nm, gap 20 + 5 nm) and monomers (diameter 350 + 10 nm) were patterned via
EBL on ITOglass substrates. These samplege all coated in 93+6 nm ®O;, film by RF
magnetron sputteringnd annealed at 45C in 250 mTorrO, to get switching, noscattering
VO, films as detailed in the Chapter 2 sectiongérM sputtered VQ@and obtaining non
scattering VQ. The samples were then decorated with 3.3 to 3.4 rpaltzdium Pd) and

baked to create Pd nanoparticles atop the M@ which are used to dissociate the idolecules
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into atomic hydrogen. A schematic of the sample geometry for an Au disk dimer can be seen

below.

@ Pdparticle Ay disk embedded in VO, film | Figure 4.2- Schematic of the sample
geometry used for ltyogenation

*® H; molecule N . measurements. Figure is modified from
+ H-atom T o o, original graphic courtesy of Song Y(@ePI-
. IS).

4.4- Experimental Setup and Measurements

Single-particle darkfield microscopy was &=l (MPHS) to measure the dafleld
scattering signal from indidual Au nanoparticles embedded in a+soattering VQfilm. A
schematic of the datkeld microscope used for these measurements can be seen in Figure 4.3.
The center of the light source is blocked so that only light far from the center of the beas refl
off an annular mirror. This light is passinto the periphery of a dafield objective and
focused onto the sample. Light scattered from the sample is collectiee dlyjective lens of the
darkfield objective, passed through the center of thrukar mirror, and directed to a
spectrometer so that scattering spectra can be detected. The sample is placed on a temperature
controlled stage to allow for temperatutependent measurements.gés cell built at MRIS
with a quartzglass window on th&op side allows for darkeld scattering reasurements at

variabletemperatures in pressurecontrolledH, atmosphereluring hydrogen doping
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Incident Light

Figure 4.3- Schematic of
experimental sefuused for

50X objective scattered Light single particle darfield
NA:0.55 1 _ . scattering. Figureourtesy of
Dark-Field Objective .
! Fangfang Wer(Rice
N ! - | University).
R - < Light Source
Annular Mirror «—/\1*:*\\

—— Polarizer

1“-—- Light directed to Spectrometer
and CCD for spectra collection

In the following results, the scattering spectrum measured at each time or temperature
point iscollected and the peak in the scattering signal is considered the resonant wavelength for
the Au nanoparticle beg examined.The peak is located using a centroid detectnethod, as
described in Ref.146. Two types of measurements ageriedoutusing this experimental
setup. In the first, the plasmon resonance of an Au nanoparticle is monitored in air as the
temperature of the sample is swept fronfQ4up to 120°C and down to as low as’G. This
occurs for samples before and after Pd dejoosas well as after hydrogenation at a variety of
temperatures. In the secatype of measuremenie plasmon resonance of an Au nanopatrticle
(monomer or dimers monitored as the sample is held at a constant temperature in a controlled

atmosphere vging concentrations of 4

4.5- Thermal Hysteresis Data and Analysis

4.5.1- ThermalHysteresiBackground
The system under examination is Au disk dimers and monomers covered ptl#n/O

film decorated with Pd nanopatrticles which are used to gglitrtolecular hydrogen into atomic
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hydrogenthat isincorporated into the V&thin film and alter the V@electronic and structural
properties. The Au nanopatrticles are deployed as sensitive local reporters of {h® Mties
through their changing pla®n resonance. As the Y@ heated and cooled and undergoes the
PT from | to M back to I, the plasmon resonance shifts in a manner which resembles a thermal
VO, hysteresis curve comprised of two sigmoidal esrvThis is termed the plasmmsonance

hygderesis. A sigmoidal curve has the form

b 20 ng

- e
and describes the wavelength of the plasmon resoraggcas a function of temperaturk,
The paramete is theminimum of the sigmoid, and for the plasmoesonancéysteresis it
represents the wavelength of the plasmon resonance when the surroungling®@pletely
metallic. The parametélis themaximumof the sigmoid, and for the plasmoesonance
hysteresis it represents the wavelength of the plasmon resomaecehe surrounding Qs
completely insulating. The parameteiis the temperature around which the sigmeid i
centered, and for the plasmogsonance hysteresis it represents the critical switching
temperature for the V£phase transition when tharaple is switched either from the insulating
state to the metallic state or vice versa. The pararB&tdhe negative of the slope of the
sigmoid afT,, and for the plasmeresonance hysteresssdetermined by theariation inT. for
individual VO, grains. If all of the grains in the local environment of an Au nanoparticle
undergo the PT at exactly the same temperatugesltipeSwill be infinite. If, though, the V@
grains in the local environment of the Au nanoparticle switch over a range ofr&tonpe S

will have a smaller value.
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The plasmosresonance hysteresis curves considered here consist of two sigmoids, which
pertain to the response when the sample is heated from the insulating state to the metallic state
(heating curve, red) and when the sample is cooled from the metallic statensulaéng state
(cooling curve , blue), as can be seen in Figure 4.4. To distinguish between the sigmoidal fit
parameters for the heating and cooling curves
it as the fit parameter for the heatingcuave d A C0 i s added in front of
it as the fit parameter for the cooling curve. For exanipl®l represents the wavelength of the
plasmon resonance when the surrounding M@ompletely metallic when the sample is heated

from the irsulating state to the metallic state.

Figure 4.4- Representative plasmon
resonance hysteresis curve. Sigmoids
represent the heating (red) and cooling (bl
response. The relevant sigmoidal fit
parameters for this analysid-M, C-M, H-T,
H-1, and H-S) are overlaid on the hysteresis
curve.

30 50 70 90
Temperature (°C)

The plasmofresonance hysteresis curve tracks with the transmission hysteresis curve
measured on the VW@ilm away from the nanoparticles. The effect of the Pd nanoparticles on
the plasmon hysteresis is minimal, causing a slight$hife and a narrowing of the hysteresis.

The data supporting these statements can be found in an appendix.

93



4.5.2- Thermd Hysteresis Fitso Dataand Analysis

In this section, e sigmoid fit parameters that persist throaghmichydrogen doping of
VO, are compared with the values of the fit parameters after Pd deposition but before hydrogen
doping. These parameters &év, C-M, H-T,, H-l, andH-S The metallic state is stabilized
down to 20PC after hydrogenation and heating over the PT into the M stateg sodling curve
for the plasmosresonance spectroscopy is flat instead of having a sigmoidal shape, sittt&r to
conductivity of a V@ single crystal after mild hydrogen dopif@8] Thus, the only cooling
curve parameter considereddsM. The five aforementioned parameters are determined for
each sample by fitting the plasmogsonance hysteresis for ea@noparticle to two sigmoids
and averaging the resulting parameter values of the Au disk dimers and disk monomers
separately. The error bars in the following plots show the standardétha meann each fit
parameter for the ten Au dimers and/or Maemonomers measured for each sample. Each of
the six relevant samplegsplaced in a molecular hydrogen gas environment for 30 minutes at a
different temperature. The sample hydrogenation temperatures are as follows0 #TQ5°C,
ITO-12 at 40°C, ITO-13 at 5¢°C, ITO-14 at 55°C, ITO-15 at 60°C, and ITG16 at 9¢°C.

The plots oH-M andC-M, seen in Figure 4.5, for nanoparticle dimers and monomers
before and after hydrogenation at different temperatures indicate that there is no statistically
significant variation in these parameters for samples hydrogenated at different temperatures or
even between samples pead posthydrogenation. The metallic state of hydrogenated IO
indistinguishable from that of pure (unhydrogenated) ¥®probedy Au nanoparticle

reporters.
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Figure 4.5- Resonant
wavelength of Au dimers
(top row) and monomers
(bottom row) as a
function of hydrogenatiol
temperature when the
VO, is fully metallic.
The resonant wavelengtt
IS measured both when
the sample is faed to
the metallic state (left
column) and when the
sample is cooling but in
the metallic state (right
column). The resonant
wavelength for metallic
VO, is plotted after Pd
deposition (grey) and
after hydrogen doping
(purple) for the six
samples. Linemdicating
the average values of
H-M andC-M after Pd
deposition (grey) and
after H doping (purple) a
well as shaded regions t
indicate uncertainties in
the average values are
included.

monomers before and after hydrogenation at different temperatures can be seen in Figure 4.6 and

The plots of the heating sigmoid critical temperatit€r{) for nanoparticle dimers and

indicate that there is a decreas&iiT. after hydrogenation that cannot be explained by

uncertainty in experimental measumams. Counter to expectations thRi; would decrease

with hydrogenation at increasingly high temperatures, drops from its prdnydrogenated

value for hydrogenation temperatures of@5and 40°C, increases until it is close to the

pre-hydrogenated value for hydrogenation at%n) and decreases for hydrogenation atG5

and 60°C, though not to the point where they are betdW, for low-temperature
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hydrogenation. This indicates that there is a critical concentration of hydrogen dduiiog
VO, to increase nearly back e undoped temperature. On either side of this critical

concentrationH-T. decreases.

H-Tc for dimers H-Tc for monomers
70 70
68 } ......... * ...... .** 68 | } ..... *i*
66 } 66 * i
o ; -
S e S 64
- b = o
T e } + T 62 *
60 60 }
58 58
20 40 60 20 40 60
Hydrogenation Temp (°C) Hydrogenation Temp (°C)
® AfterPd @ AfterH2 seses After Pd - avg ® AfterPd ® AfterH2 seeee After Pd - avg

Figure 4.6- Critical temperture for the heating curvél(T,) for disk dimers and disk monome
as a function ohydrogenation temperature. The critical temperature of M@er heatings
plotted after Pd deposition (grey) and after hydrogen doping (purple) for the five samples
exhibit heating sigmoids after hydrogenation. A line indicating the averageofdii&. after

Pd deposition (grey) as well as shaded regions to indicate uncertainties in the average val
included.

The plots ofH-1 for nanopatrticle dimers and monomers in Figure 4.7 before and after
atomic hydrogen dopinat different temperatures indicate that ther@ssa decrease iH-I due
to hydrogenation that cannot be explained by uncertainty in experimental measurements. With
increased hydrogenatioH;| smoothly decreases to the metallic state resonant wateléed).
This indicates that the insulating state of M®influenced by hydrogenation mperaturesas

low as 25°C 1 nearly room temperature.
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Figure 4.7 - Resonant wavelength when Y@ in an insulating statédfl) and the sample is
beingheated for disk dimers and disk monomers as a function of hydrogenation temperatt
The resonant wavelength for insulating M® plotted after Pd deposition (grey) and after
hydrogen doping (purple) for the five samples which exhibit heating sigmaeds af
hydrogenation. A line indicating the average valukl-dfafter Pd deposition (grey) as well as
shaded regions to indicate uncertainties in the average value are included. The red point
indicate the resonant wavelength value for Au disks and diafiershydrogenation at 9.

The plots oH-Sfor nanoparticle dimers and monomers in Figure 4.8 before and after
hydrogenation at different temperatures indicate that therdasraasen H-Sdue to
hydrogenation that cannot be explained by uncertainty in experimental measuy¢necordy
exception is sample ITQO for dimers in whichhe prehydrogenated sharpnesthe hysteresis
has a large variation from dimer to dimer and thus a langertainty. As a function of
hydrogenation at different temperaturd$houghH-Sremains constant. The plasm@sonance
hysteresis tracks the \4@hin film hysteresi§94, 147): thereforethe cause of changes to the
slope afT, of the sigmoids in the plasmarsonance hysteresisreated tathe cause of the
changedo H-Sof the sigmoids in the V&xhin film transmission hysteresidt is known for VQ
hystereses that Vhanoparticles of larger sizes switch at lower temperatures because they

contain morgotentdefects that canucleate the phase transitid?d Thus, a film containing
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VO, domains thaall have the samswitching temperature woukekhibita largevalue ofSover

the PT because all of the domains would switch togefhiee. hysteresis loop would have

steeper slopes on both the heating and cooling cycles, that is, more like the hysteresis in a bulk
single eystal. A film with domains of various sizes would have a smalldue ofSbecause the

VO, domains would not switckimultaneously;ather each domain would switch when the,VO
reached the transiticemperaturdor that specific domain. The changethe values oEfor the
sigmoidsmeasured unddrydrogen doping suggests that hydrogenation increases the variance in
the number of defects in the different ¥@ystal grains compared to the variance in the number
of defects in the V@grains before hydrogen doping. This wotdducethe value ofSto

decrease, because the Mfpains with different numbers of defects due to hydrogen doping

would switch at different temperatureShiswould in turn make the slope of the hysteresis

curve less steep.
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Figure 4.8- Sigmoid parameter governing the slope of the heating sigrile#) for disk dimers
and disk monomers as a function of hydrogenation temperati8is plotted after Pd
deposition (grey) and after hydrogen dopfpgrple) for the five samples which exhibit heatin
sigmoids after hydrogenation. Lines indicating the average vall¢sSeffter Pd deposition
(grey)and after H doping (purple) as well as shaded regions to indicate uncertainties in thg
average values are included.

Overall, the thermal hysteresis data showed that with increased hydrogenation; the VO
T. decreases and then the ¥€itching contrast decreasesz&roasthe metallic phase
stabilize comparable to observations of Y&ectrical propertieen hydrogenated single crystals
in previous worl68, 142, 144 Having establishedonfidence irthe plasmofresonance
spectroscopys a way to tracthe VO, thermal hysteresis after hydrogenation, the dynamics of

hydrogen dopingn VO, thin films are now considered.

4.6- Dynamics Data and Analysis

To examine the dynamics of the Y@in film hydrogenation, the plasmon resonance of

individual Au disk dimers and monomers are tracked as a function of time. Changes in the
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plasmon resonance of the nanopatrticles indicates changes in iluke\&otric properties in the
local dielectric avironment of the nanoparticles. This is examined at a varietioafic
hydrogen dopingemperatures both above and below the PT as wellexsa variety of
hydrogen concentrations.

From looking at dynamicalata for individual Au nanoparticles, thessponse resembles
an exponential decay. This can be seen in the top left of Figure 4.9 for the resonance of an Au
dimer probed during hydrogenation at€5with 100% H gas flow. The dotted line at zero
minutes is when tholecularhydrogen gas begirie flow. Data are extracted from this graph
and as well as a plot of the resonance of an Au dimer during hydrogenatiotCatvgb 10% H
gas flow. These data (black, small) are fit in the bottom graphiegure 4.90 a single
exponential (orangegnd a biexponential (green). The forms of these equations are displayed

below.

[ "0t WORE & TOOOHE 1]
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Figure 4.917 Plasmorresonancshifts for Au
dimers embedded in a M@Im as a function
of time during hydrogenation. (Left)
experimental data for a dimer hydrogenate
65 °C with 100% H gas flow courtesy of
Song Yug(MPI-IS). (Left, bottom)
biexponential andingleexponential fis to
sampled data from (Left). (Right, bottom)
biexponential andingleexponential fits to
sampled data from a dimer hydrogenated 3
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To quantify which of the fits, biexponential or single exponential fit, represent®oh set
dynami cal dat a mor gsfocelaah expdrientally measuredadbtaipointssf e
compar ed t o fpledicted farlthe tme astociapsd witlat data point for the
biexponential fit and the single exponential fit. These differences are called residuals. The
residuals are calculated for all of the measured data points. The residuals associated with the
biexponential fit are each squared andhmed, and the residuals associated with the single
exponential are likewise squared and summed. These sums are normalized to the number of data
points for which residuals were calculated and then the square root is takes. A single number
guantifying he goodness of the fit to the data is obtained in this way, and one is obtained for
each of the two fitslfiexponential fitandsingle exponential fjit This number will be referred to

here as th&oF (goodness of fit)
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For 100% H gas flow, both fits prade reasonable representations of the data, though
the biexponential fit follows the data points slightly more closely thagitigdeexponential fit.

The GoF of the data fron thesingleexponential fit is 1.8 whereas the standard deviation of the
samedata from the biexponential fit is 1.8or 10% H gas flow, it is clear that the

biexponential fit represents the data points better thasinigeeexponential fit. The GoF of the

data for the 10% pigas flow from thesingleexponential fit is 2.5 bus 1.0 for the @xponential

fit. This, though, could be due to having more fit parameters in the biexponential fit than the
singleexponential fit or due to these sets of data having two decay times due to some physical
reason, which would necessitate thse of a biexponential fit.

To justify the validity of using @iexponential fit instead of a singéxponential fit, it is
important to establish a precedent and/or physical reasons for this observation of multiple time
scales fomtomichydrogendoping of VQ. Hydrogenation of V@single crystals has been
studied by placing a single crystal across electrical contacts to probe the response o¢ftthe VO
hydrogen as a function of time and voltdg&, 144 In this work, the conductance of the YO
single crystal increases with timader hydrogenatioaver two different timescales. FBef.

[5]], the first timescale is slow (several minutes) and is related to the formation of H atoms from
Hdue to interaction with the Pd, the diffusion of the H atoms into thesd@ace, and further
diffusion into the bulk of the V® During ths time, the current increases linearly. The sdco
timescale is rapid¥anosecond to microsecond range) and causes a sharp increase in the current
by a factor ofl0®, indicating that a metallic state of Y®as been achieved. FRef.[144], the

fast process €b minutes) occurs first, followed by a slow process where many hours are
required to reach a constant current. This is described as being due to fast spliting@tH

in the presence of Pd followed by H atoms flowing diierVO, surface and diffusing into the
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bulk of the VQ single crysta[144] The results froniRef.[144], probing the electrical
conductance during hydrogen doping, indicate two timescales similar to what is observed in this
work andjustify the use of a biexponential fit b dynamics data of the plasm@sonance
shift during hydrogenation.

Eight samples are used to examine the dynamibhgdrbgenation ivO, thin films. The
details of the hydrogenation processes for theseleampe described now. The results for two
of the samples, IT@7 and ITG19, do not follow a biexponential curve, which is not surprising.
The dynamics of these two samples will be discussed later in this chapter. The hydrogenation

processes used orethremaining samples do result in diétatfollow biexponential curves.

Sample Name Number for Hydrogenation Hydrogen Flow
Biexponential Fit Temperature®C) Percentage (%)
Results

ITO-17 NA 25 100

ITO-18 1 65 100

ITO-19 NA 100 100

ITO-20 2 65 50

ITO-21 3 65 10

ITO-22 4 55 10

ITO-23 5 55 1

ITO-24 6 55 0.1

Table 4.1- Details of the samples and parameters used for hydrogen dynamics studies.

With increasingbiexponential fit numbeirom 1 to 6, as detailed in Table 4the
hydrogenation becomes lemggressivelue to the decrease in hydrogenation temperature and/or
H, flow percentage. For each of the samples, the sample is heated to the hydrogenation
temperature. That temperature is maintained whilgasis introdwced to the atmospheine the
gas cellfor 60 minutes. The plasmon resonance of an individual Au disk dimer or monomer is

monitored before and during hydrogenation to probe how the resonance is modified with time
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due to the presence afomichydrogen. Foeach sample, this monitoring occurs on ten

individual disk dimers and nine individual disk monomers. These curves are fitto a
biexponential curve and the five fit parameters obtained for each curve are averaged to obtain
average fit parameters for edtydrogenation process. Data sets are rejected if the biexponential
fitting function is unable to converge to a solution. The error bars in the following plots show
the standard error in each fit parameter for the ten Au dimers and/or nine Au monomers
measured for each sample, barring those datalsateere rejectedecause the curve fitting in
Mathematica was unable to converge upon a solution to fit those sets of data to a biexponential
equation The average fit parameters for each of the samptbshé exception of ITEL7 and

ITO-19 are plotted so that the influence of the hydrogenation process on each individual fit

parameter can be determined.
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Individually, these fit parameters do not provide much information. The value of the fit
parameten, from equatiort.3lacks a consistent trend. The paramatsrconstant whin
uncertainty for hydrogenation at 86 for 100%, 50%, and 10%lgas flow. The value of
increases for hydrogenation at %5compared to 6%C and is constant within uncertainty fos H
gas flows of 10%, 1%, and 0.1%. The valudé &f constant vthin uncertainty for
hydrogenation at 6%C and 55°C, regardless of fgas flow percentage. The values@ndd
are constant within their uncertainties for the fit results shown. The valumes$ not appear to
have one distinct trend. The paraméigsrconstant within uncertainty for hydrogenation at
65 °C for 100%, 50%, and 10%lgas flow. The value of decreases in comparison to the

values foratomichydrogenation at 6%C and inceases with decreased gas flow from 10%, 1%,
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and 0.1% Hfor hydrogenation at 5%C.

Meaningfulinformation, though, can lextractedvhen comparing the parameters
corresponding to the two exponential decays. A comparison of the decay tatexldEhows
on average an ordef-magnitude difference. This indicates that there is a fast (less than three
minutes) hydrogenation effect describeddmndf and also a slow (between 7 and 70 minutes)
hydrogenation effect described &yndb. The fast timecale is comparable to thé 5 minute
fast timescale observea Ref.[144] for a VO, single crystal with a radius of order 100 nm,
though the low timescale observed in that work was of order 18.hdtesratio of the fasf)
and slow(b) process decay rates for the hydrogenation processes which result in data that can be
fit using a biexponential function is plotted in Figure 4.11. The ratfdab is, on average, 20.
This ratio is increased for hydrogenation af65with a 0.1%hydrogen flow rate. Thiarises
becausalthoughf has a comparable decay rate for this process as for other probasses,

decreased for this least aggressive hydrogen doping process.

Figure 4.11- Ratio of the decay rates of the faft (

f/b - decay rate ratio andslow (b) exponentials in the biexponential fits tg

90 different hydrogen doping processes described in

38 Table 4.1. A higher fit result number corresponds
2w lessaggressivénydrogenation. Error bars are derive
:‘; 50 from the standard error in each of the two fit
S 40 parameters for a given hydrogenation process.
T 30
o 20

w| & } * * ¢

0

0 2 4 6 8

Fit Result Number

Comparing the values dfanda, which correspond to the fast and slow hydrogenation

effects, can provide an idea of the contribution of each of these effects to the overall
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hydrogenation dynamicaésponse. Thus, the ratio of the fajtand slow &) process
contributions for the hydrogenation processes which result in data that can be fit using a
biexponential function is plotted in Figure 4.12. As thdrbgenation becomes less aggressive
theratio of the contributions of the fast and slow exponential decays changes from greater than
one (fits results one through three), to one (fit results four), to less than one (fit results five and
six). Thoughd remains constang increases as hydrogeimat becomes lessggressive.
Functionally, the fast decay plays less of a role in determining the hydrogenation dynamics of the
VO, than the slow decay as the hydrogenation process becomagdesssive Also, the slow
decay time becomes slower witlettecrease in hydrogenation procaggression

Taking these results together, as the hydrogenation becomagdgsssivethe slow
decay becomes slower and plays a larger role in contributing to the overall hydrogenation

dynamics than with moraggressivehydrogenation where the fast decay dominates the behavior.

Figure 4.12- Ratio of the initial resonance

d/a - contribution ratio wavelength shift contributions of the fad) @nd slow

“ (a) exponentials in the biexponential fits to differen
- hydrogen doping processes ddised in Table 4.1. A
. : higher fit result number corresponds to laggressive
= 2 hydrogenation. Error bars are derived from the
o’ standard error in each of the two fit parameters for
3 l'j * given hydrogenation process.
0.5 L &
0

0 2 4 6 8
Fit Result Number

The sample ITEL7 was hydrogenated withprocess that was not veaggressivegiven
that hydrogenation was done at%®5 The resulting data duot fit a biexponential equation, but

it does fit a single exponential equation better than a linear equ&tonhe previously



discussed samples in this section, the slow decay term contributed more to the overall
hydrogenation dynamics for leaggressivdiydrogenation processes for the six samples where

the results could be fit to biexponentials. If that trend continues,thiélee some

hydrogenation process which will cause the fast process to play little role in the hydrogen
dynamics and leave only the slow process. This is what is observed when the exponential decay
rate for sample ITEL7 is compared with the fit values lofor the biexponential fit. In Figure

4.13, the graph of the fit parameteis reproduced (blue) with the addition of the exponential

decay rate for ITEL7 (red). As can be seen in Figure 4.13, the decay rate fet TTi®

comparable to that of fiesults four through six for samples hydrogenated 8C>& a variety

of H, flow rates. This suggests that with a sufficiently faggressivénydrogenation process,

the fast decay rate is completely absent and only the slow decay rate remains.

Figure 4.13- Comparison of the decay rate for the
slow exponential decay for the biexponential fits
. (blue, 16) with the decay rate of the exponential fi
g o { for ITO-17 (red, 7). For fit results 1 through 6, a

Fit Parameter: b

higher fit resilt number corresponds to less
aggreswe hydrogenation.

Z 0.04
; X

0 2 4 6 8
Fit Result Number

The sample ITAL9 was hydrogenated at 100% flbw at 90°C. At this temperature, the
VO, is well above the PT and is expected to be in the metallic, rutile state where hydrogen has
been shown in previous work to dope the,\Wabre eaily than in the insulating, monoclinic

state[139 A representative graph of the plasmmsonance shift as a function of time under a
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H, atmosphere can be seen in Figure 4.14. Data sets from Au nanoparticles measured on this
sample do not have a biexponential or exponential character, but rather can best be approximated
as flat lines for the first 15 minutes of hydrogenation and apprdedradinear fitsduring the

remaining 45 minutes of hydrogenati@s can be seen in Figure 4.15. Using the avelage s

from these fits, a plasmenesonance shift due to hydrogenation while the ¥0n a metallic

state the entire time can be detered. The average slope from the linear fits to the dynamics

data for 19 Au disks and dimers i20+ 0.03 1/min, resulting in an average resonance shift

during hydrogenation at 10C of 9+ 1 nm.
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Figure 4.141 Plasmorresonance shift for ar| Figure 4.15- Linear fit to sampled data for
Au dimer embedded in a \\@iIm as a Figure 4.14.The yaxis is zomedin for ease
function of time during hydrogenation. of visualization. A positive slope with
Experimental data for a dimer hydrogenate| increasing time can be sestarting at a time
at 90°C with 100% H gas flow courtesy of | of 15 minutes

Song YugMPI-IS).

4.7 - Integrating Thermal and Dynamic Results

For the hydrogenation dynamics for 100%fléw, the 25°C data fit an exponential

decay with a decay time of 30 minutes. This means that after 30 minutes only 63% of maximum



hydrogenation has been achieved. Thus, the thermal hysteresssqglait@dafter hydrogenation
at 25°C for 30 minutes is not the thermal hysteresis which waagdlt from a fully

hydrogenated sample.

4.8 - Conclusions and Outlook

This preliminary work oratomic hydrogen dop@of VO, probed by plasmenesonance
spectroscopy indicates that plasmonic resonators provide a sensitive platform for probing
changesn the VQ material properties due to hydrogen doping. This work was done using
polycrystalline norepitaxial VG thin films, in contrast to other work on \d{@ydrogenation
using VQ single crystals or epitaxial thin films. This means that for the first the
preferential axis odtomichydrogen diffusion into the VQwas random and not solely from the
surface of the V@towards the substrate. It would be interesting to use plasesomance
spectroscopy of embedded nanoparticles for epitaxial thns fif VO, to determine the role of
the orientation of the hydrogen diffusion axis versus the role of grain boundaries in the diffusion
of hydrogen in VQthin films. It may prove challenging to obtain epitaxial Mms that also
have sufficiently low sattering so that the film scattering does not overpower the nanoparticle
scattering. It would also be interesting to determine why the hydrogen doipatiared VQ
thin films is not fully reversible whereas it has been shown to be reversible ihaallstudies of
hydrogenated V@) including previous work done while developing a{soattering VQ film
where plamonresonance spectroscopy was carriedf@ufiu nanoparticles embedded in

electron beam evaporated YO
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CHAPTER 5

ACTIVE PIT IN STACKED AU-VO,; DOLMENS

5.1- Introduction

Nanoparticles exhibit resonances dependent on properties such as particle shape,
resonator lossiness, and dielectric environment. The plasmon resonances of metallic
nanoparticles can be sharp based upon their darspoigas if the mode is a bright or a dark
mode, but the resonance positions cannot be changed after fabrication. Vanadium dioXide (VO
has been used to actively tune the plasmon resonance of metal nanoparticles in the visible to
terahertz regime becausee phase transition in \V\s accompanied by a large change in
dielectric function.Vanadium dioxides lossy in the visible and ne#®, broadening and
damping the plasmon resonances of metallic nanostructures placec @m0 It is desirable
to ue VO, nanoparticles in the plasmonic near field of metallic nanostructures to minimize the
broadening but retain the active plasmonic nature of Au nanoparticles opfdnv.OAs this
causes the resonanshift over the PT to be sm@ll08 nanostructures that exhibit sharp
resonances, such as dolmens exhibiting PIT, have the potential to increase the switching contrast
in the presence of VQlue to the sharp resonances

In this Chaptertunableplasmonrinduced transparency (Pl demonstratethrough
simulationsin the neafiR by switching the phase of \Wh a stacked At O, dolmen
nanostructure geometnA stacked dolmen nanostructure which was experimentally fabricated
using a single layeof EBL was also shown through simulations to exhibit PIT when the

dimensions of the fabricated structure were used in the simulafidresparameter space of the
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stacked AueVO, dolmen nanostructures was also explored to optimize the contrast in the
trarsmission over the PT. It was determined that a sharp plasmon resonance due to reduced VO
in the local environment of a plasmon resonator als@bra reduction in the plasmoasonance

shift over the PT such that it was not possible to simultaneousiyiae both the resonance

shift and narrowness of the resonance. This places limits on the switching contrast that can be
obtained using this geometry. The results suggest that usipgarparticles coupled with

complex plasmonic nanostructures, suslilamens, can produce tunable plasmon resonances

but that these are still limited by the lossiness of ¥@d the small change in the effective

dielectric environment of the Au dolmen due to the PT of W&hoparticles.Gold-vanadium
dioxidedolmennandsr uct ur es us i mnprovidg ressnances that argdctivelyV O
tunable and can be switchqmbtentiallyon the ultrafast timescaleith a 26% contrast. This

contrast is not suitable for an optical switch where contrasts near 100% are necCEsisary.

would be acceptable as an optical sensor, but the resonance is broad compared to other sensor
designs, which is not optimal when attempting to detect small shifts in resonance. These results
indicate that it is possible to design an-¥XQ, nanostruaire with active PIT, but that this

geometry did not prove to provide the improvements té/&y active plasmonics that were

initially envisioned.

5.2- Theory

5.2.1- Bright and Dark Plasmon Modes

Plasmon modes can be grouped into two categories bagskdipability to couple to

incident light. Bright modes, such as dipole modes, can couple to incident light. This also
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means that they have high radiative decay rates, so these resonances-avedlaod

spectrally broad Dark modes, such as a duapolar mode, cannot couple to incident light but

can be excited through other meabsie to this, dark modes can only decay through non

radiative processes abg losing energy due tatrinsic losses in the metallhe norradiative

decay is far slower than the radiative decay and the loss of energy in the plasmon mode, and both
the dipole mode and quadrupole mode lose energy due to intrinsic losses in the metal
nanoparticles supporting the dipole and quadrupsenancesFor this reasorthese modes are

long-lived and pectrally narrowj149, 150

5.2.2- What s Plasmofinduced Transparency?

Plasmorinduced transparency (PIT) is the classical analog of electromagnetically
induced transparency. In PIT, the coupling of a broad and a narrow plasmon resonance excited
with incident light causes the plasmonic structure to imecansparent to light within a narrow
band of wavelength$1, 109 149153 as can be seéan Figure 5.1.This can occur in a vaiy
of nanostructures such as dolmens, concentric and@eeentric ringdisk systems, asymmetric
rings, and plasmonic clusters such as heptamers and hexasiers54 The dolmen structure,

shown schematically Figure 5.2 will be considered here.
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Figure 5.1- Simulated transmission spectru Figure 5.2- Schematic of a dolmen structur
showing PIT.

The coupling of a dipolar and a quadrupolar plasmon resonance in a dolmen structure can
cause PlTbecause of the coupling between the dipolar mode and both the quadrupolar mode and
the light incident on the resonatorEhe single nanorod with the long axparallel to the
direction of the electric field of the incident light supports the dipolar plasmon resonance, which
causes the electrons to oscillate along the long axis of the nan@atbdethatcan be excited
by the incident light. The pair of narods with their long axes perpendicular to the direction of
the electric field supports a quadrupole resonance where the electrons in the two nanorods are
counterpropagating. This resonance cannot be directly excited by the incident light. If, though,
the dipole and quadrupole resonances are close in wavelength and the nanorods supporting the
dipole and quadrupole modes are spatially close together, the plasmon oscillation in the dipole
antenna can couple to and excite the quadrupolar resonance imadhnepple antenna. At this
point, the dipolar plasmon resonance is being driven by both the electric field of the incident
light and the electric field created by the quadrupole plasmon resorRiaseorinduced
transparency occurs whémese electric &lds are equal in magnitude and opposite in sign so that
the dipole plasmon resonance does not form and absorb light at its resonant waj&khgth.
Instead, light in a narrow band of wavelengths around the resonant wavelktigtidipole

antennas transmitted through the nanostructure as though the nanostructure is transparent over
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that band ofvavelengths. The width and strength of the PIT region is governed by the coupling
between the dipolar and quadrupolar mdd€§] and the sharpness of the PIT region is
governed by the loss@sthe quadrupolar modél]

In the dolmen nanostructure, the coupling betweewlifn@e and quadrupole modes is
dictated by the size of the g&p(labeled in Figure 5.2), with a smaller gap leading to higher
coupling between the component modes. This can be seen in Figure 5.3 in the simulated
transmission curves, where the @gaps dtered from 20 nm to 100 nm without changing any
other fedures of the dolmen structurélere, the transmission in the PIT region decreases with
increasing gap size and the wavelength range over which PIT occurs also shrinks. The PIT
region does remaireatered about the bonding and antibonding mode wavelength positons,
indicating that the resonant wavelengths of the component dipole and quadrupole resonators
remain matched with each otherGss altered. Interestingly, the long wavelength bonding
modeblue-shifts noticeably more with increasi®@than the short wavelength antibonding mode

red-shifts.
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Figure 5.3- Simulated transmission for Au
dolmens on glass with decreasing gap €ize
Stronger PIT is observed &sdecreases. Th
spectra are each offset by 0.4 in transmissi
for clarity. Incident electric field polarized
parallel to the dipole antenna, along the len
of L;. In this set of simulationghe
dimensions of the dolmen ate= 320 nm,
W;=135 nmlL,=300 nmW, =125 nmS=
50 nm, andl' = 60 nm

Transmission
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The PIT mechanism is primarily described in the literature by using the concepts used to
describe analog of electromagnetically induced transparency (EIT), as PIT is the classical analog
of EIT. In EIT, the transition probability amplitudes from the ground state to a bright state and
from a dark state to a bright state form two separate transition pathways which interfere
destructively so that there is no probability of being in that bright stateterdfore, light will
not be absorbed but instead transmitted. In the case of PIT with a dolmen nanostructure, these
interacting transition probability amplitudes are plasmon resonances and the dipole antenna
plasmon oscillation is canceled out by thduahce of the quadrupole mode and the driving field
from the incident lighf149, 150, 153

As the dolmen structure consists of spatially separate dipole and quadagouiators,
the dolmen response can be considered as the hybridization of dipole and quadrupole component
modes using the plasmon hybridization theory described 448y#52 A hybridization

diagram is shown in Figure 5.4. A low energy bonding modag with the local charges on
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either side of the dipolquadrupole gap having charges of different signs, creating a region of
high electric field in the gap between the dipole and quadrupole antennas. A higher energy
antibonding mode forms with the Ida@harges on either side of the gap having charges with the
same sign, causing the local electric field to be stronger both at the outer corners of the dolmen
which are farther from the gap and also near the gap between the nanorods that form the
quadrupat antenna. At approximately the energy of the component dipolar and quadrupolar
modes, the state associated with PIT forms where the local electric field is weak around the
single nanorod compared to the field around the quadrupole mode. The locel féddtr

patterns associated with these three hybrid plasmon modes are verified via simulations, as seen
in Figure 5.4, and have also been observed experimentallySN&OM [152] A far more

detailed treatment of the charge distribution of the dolmen nanostructure, considering both the
real and imaginary components of the charge distribution to examine theviatoéion of the

plasmon resonances is provided in R&55. Using this method that does not discard the
imaginary part of the charge distribution, it is clear that the dipole and quadrupole resonators that
comprise the hybridized plasmon modes do not oscillate in pivasee disregarding the

imaginary part of te charge distribution would not provide this information.
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Figure 5.4- (a) Plasmon mode hybridization diagram for an Au dolmen formed from a di
and a quadrupole antenna showing the bonding (purple), PIT (green), and antibonding
mode chargeidtributions. (b) The simulated local electric field maps at each of the hybr
modes described in (a) with the same color scheme. The PIT mode has no local field a
the dipole antenna and the bonding mode has high electric field in the gap béevdipole
and quadrupole antennas, as expected from the charge distributions. Incident electric f
polarized parallel to the dipole antenna, along the length foir lelectric field maps.

5.2.3- Sample Design Logic

It is desirable to actively he PIT because it provided a sharp, tunable spectral response.
Using a dolmen structure allows for a polarizatt@pendent PIT response. In previous work in
this area, an Au dolmen on glass designed such that the PIT was centered at 690 nm when

simulatng with the dimensions of the fabricated dolmens and an identical Au dolmen on a VO
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film were examined in an attempt to achieve this @tj. Figure 5.5 showde simulated
spectra for Au dolmens on glass with dimensions defined from importing SEMs of the fabricated
structure and with light polarized parallel to the long axis of the dipole antenna and with light

polarized parallel tohe long axis of the quadrulgo

+ quadrupole polarized - dipole polarized Figure 5.5- Simulated transmission of an A
dolmen on glass with dolmen structure
imported from an SEM image. The directio
of quadrupole and dipole polarized light wit
respect to a dolmen are indicated in the ins
with borders coloicoded 6 the appropriate
spectra. Dipole (red) and quadrupole (blue
polarized spectra are shown, demonstrating
the polarizatiordependent PIT response of
the dolmen nanostructure.

%Transmission

200 600 800 1000 1200
Wavelength(nm)

When the optical transmission of the experimentally fabricated Au dolmenSGnra
EBE VO, film was measured as a function of wavelength using the Avantes spectrometer as a
detector, the plasmon resonance that was observed washifteel as the VOPT from | to M
was induced by heating the sample, as seen in Figure 5.6. &f phetdata using in Figure 5.6
that does not take a running average to reduce experimental noise can be founfbitj.Ref.
This was expected due to the change in the dielectric function pow& the PT. Only one
resonance was observed in the experimental spectra for Au dolmens on M anavhiéd was
identified as the antibondingode of the dolmen since that antibonding mode has a higher
resonant energy and thus a shorter resonant wavelength than the bonding mode of the dolmen.
The bonding mode resonance was presumed to be at a longer wavelength and thus out of the

wavelength rage of the Avantes spectrometer. Using Lumerical FDTD to simulate the optical
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transmission from the nanostructure between 400 nm and 1200 nm which is seen in Figure 5.7,
the bonding mode resonance was not observed. Instead, a single dipole mode wed bbser

the dolmen nanostructure simulated atop a metalli¢ i@, and a broad mode was observed
when the dolmen was simulated on top of an insulatingfii®. This indicated that the dipole

and quadrupole modes were not hybridizing to create PIBaggkested that the \i@ay have

been influencing the dipole and quadrupole modes differently. This also suggested that using
less VQ may disturb the dipole and quadrupole modes that make up the hybrid modes of the

dolmens less and thus allow for PIT ® dbserved.

100

+ Metallic VO, Figure 5.67 Experimentally measured optic
« Insulating VO, transmission of an Au dolmen on a Yfdm.

The light is dipole polarized. The orientatio
of dipole polarized light with respect to a
dolmen is described in the inset of Figure 5

Transmission
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Wavelength (nm)

100

« Metallic VO, Figure 5.77 Simulated transmissioof an Au
« Insulating | VO, dolmen oma VO, film the with dolmen
structure imported from an SEM imaggthe
sample measured in Figure 5.6. The light i
dipole polarized. The orientation of dipole
polarized light with respect to a dolmisn
described in the inset of Figure 5.5.

Transmission
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In a second iteration, the Au dolmen was fabricated on top of,awien using the

SSFmethod and tuned such that the PIT is in the-fiearThe shift to the nedR is carried out
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to take advantage of thecieased contrast in the dielectric function ofM®er the PT in

comparison tdhe dielectric contrastt lower wavelengths. The amount of ®decreased, as
discussed in Chapter 2, to decrease the losses and the broadening of the plasmon restsmance whi
maintaining active tuning capabilities, though it should be noted that the tamgewill be

decreased from what would be observed using af\@.

5.3- Simulations

5.3.17 Simulation Overview

The simulated response of stacked dolnw@msisting of Au and V&is examined as a
function of parameters such @s Tfor the VG, and thepitch of the stacked dolmen array. For
these various geometries, the transmission spectrum, contrast over the PT, and maximum local
electric field in the diple-quadrupolegap at the bonding mode plasm@sonance wavelength
are used as characterization tools. Unless otherwise mentioned, the simulation geometry consists
of a glass substrate, a plane wave light source with emission from 900 to 1700 nm, thid®& nm
Au dolmen, and a 20 nm thick \\@olmen on top of the Au dolmen. The Au and\ddImens
havethe same irplane dimensions, which are listed in Table 5.1 and apply to all of the
following simulations unless otherwise stated. The boundary conditiotize top and bottom
of the simulation region, where the light enters and exists the simulation region, are perfectly
matched layers, which means that all light incident on those boundaries of the simulation region
is absorbed. The iplane boundary calitions for the simulation regions are periodic boundary
conditions, which means that the electromagnetic fields oogpesite boundaries the

simulation regior(the left and right boundaries, for exampi@)st be equal and that the optical
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response fathe simulations corresponds to the response of an infinite array of the nanostructure
inside of the simulation regiond.he local electric field is measured as a slice through the Au
dolmen at a fixed height, half the thickness of the Au. The purgdbes@xploration of the

stacked dolmen parameter space is to determine if there is an optimal geometry to obtain
remarkable contrast or change in local electric field over the phase transition, or to obtain an

uncharacteristically sharp resonance whdmg this stacked dolmen platform.

Ly (nm) | Wi(nm) |Lz(hm) |W2(m) [ G (nm) |S (nm) X-pitch | Y-pitch
(nm) (nm)
260 115 230 100 13 50 600 680

Table 5.11 In-plane dimensions and pitch for stacked¥AD, dolmen nanostructures in the
simulations discussed in Section 5.4. These dimensions are applicable unless it is spe
stated otherwise in one of the following simulations.

5.3.2- Effect of VO, Thickness

In this set of simulations, the thicksgeof the VQ on top of the Au dolmen is varied
between 10 nm and 50 nm while holding all other parameters constant. Asih@adk@ess is
increased, the transmission spectrum showing PIT is damped, with a noticeable decrease in depth
and increase in the broadness of the resonance. This is expected due to the lossiness of VO
The PIT is also reghifted with increased thickes. This is because thicker Y&auses more
VO, in the local dielectric environment of the Au dolmen, which increases the effective
dielectric environment and, thus, causes astaft. This tend is illustrated in Figure 5f8r an
Au dolmen topped witmsulating VQ, but the same trend holds for metallic %43 well. The
resonance shift over the PT does increase with increasinghiRness, but the broadening and

damping of the spectra with increasing MBickness counteract this benefit.
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2.5 Figure 5.8- Simulated transmission
spectra for Au dolmens topped with |

2 VO, dolmens of varying thicknesses.
Spectra are offset by 0.4 for clarity.
15 Incident electric field polarized parall

to the dipole antenna, along the leng|
0.5 l

of L;.
1000 1200 1400 1600
Wavelength (nm)

e 10NM 4 20 Nm 30nm , 40 nm 50 nm

Transmission

As seen in Tabl&.2 the maximum contrast in the transmission spectrum over the PT
increases with increasing \d@hickness and then levels off. The contrast increases with
thickness because thicker Y@eans that the local dielectric environment of the Au
nanoparticless comprised of more VO Thus, the change in the local dielectric environment is
larger for thicker VQ. This trend holds until the thickness of the M®larger than then sensing
depth of the Au plasmon and the contrast levels off because thiaki@r away from the Au

dolmen is no longer in the local dielectric environment of the Au plasmon.

VO, Thickness (hm) 10 20 30 40 50

Maximum transmission contrast 0.16 0.23 0.25 0.26 0.26
Table 5.2- Maximum change in simulated transmission over the pliase transition for Au
dolmens topped with V€dolmens of varying thicknesses.
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5.3.3- Effect of DipoleQuadrupole Gap G

In this set of simulations, the dipedgiadrupole gafs is varied between 10 nm and
100 nm while holding all other parameters constantGAsincreased, the window of PIT is
reduced in wavelength range and the transmission in the window of PIT is decreased,ias s
the spectra in Figure 5.9This is expected, as the dipgjeadrupot coupling strength influences
the strength of the PIT and the physical gap between the two resonators controls this coupling
strength. In addition, the wavelength of the antibonding modshiés slightly and the
wavelength of the bonding move bighifts significantly. This occurs untils is so largethat the
coupling between the dipole and quadrupole maedgsskens to the point thatode hybridization
no longer occurs. This can be seen inGe 100 nm curvéelow, where a single dip in
transmissiorcharacteristic of a purely dipolar mode is observed. This is further confirmed when
looking at the local electric field for tie = 100nm resonance, seen in Figure 5.%h electric
field pattern characteristic of a dipole antenna can be seen ar@usidgle nanorod, separate
from the local electric field pattern of thanorod quadrupoleThese trenslare illustrated in
Figures 5.9 and 5.1for an Au dolmen topped with insulating Yut the same trends also hold
for metallic VQ,.. The distance at which the dipole and quadrupole modes stop coupling can also
be seen as a measure of the range of the plasmon field. A second method of measuring the range

of the plasmon fieldising Lumerical FDTxan be seen in Appendix F.
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5 Figure 5.9- Simulated transmissio
spectra for AtWO, dolmens with

4 varying dipolequadrupole gaps.
= \ . /—' The VO is in the insulating phase
2 3 during these simulations. Spectra
2 are offset by 1 for clarity. Incident
E ) electric field polarized parallel to
S “— — the dipole antena, along the length
= of L.
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As Gis increased, the magnitude of the local electric field enhancement in the gap
between the dipole and quadrupole antennas decreHsisscan be seen in Figure 5.ibGthe
local electric field maps of AWO, dolmensaken at the wavelength associated with the bonding
mode of the nanostructure @ss increased. Insulating \W@s used in these simulations, but the
same trend holds for metallic VOThe ratio of the magnitude of the local electric fields in the
gapfor insulating and metallic V&also decreases with increagi@, as can be seen in Table
5.3 ForG =100 nm, the ratio is 1:1 because a pure dipolar mode has been formed on the single
nanorod at this gap. The maximum change in transmission over tiled”decreases with an

increase irG, which can beseen in Table 5.4
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Figure 5.10- Simulated local electric field maps for AtO, dolmensgtaken at the wavelengt
of the bonding mode of nanostructuvith varying values o6G. The maps are taken at a
height of 30nm. A scale of electric field enhancement is provided at the top left. Incider
electric field polarized parallel to the dipole antenna, along the length of

Gap (nm) 10 20 50 75 100

Electric field ratio (I:M) 1.79:1 1.69:1 1.56:1 1.37:1 1:1

Table 5.3- Ratio of maximum local electric field values for | and M MOr Au-VO, dolmens
with varying values o6, the dipolequadrupole gap.

Gap (nm) 10 20 50 75 100

Maximum transmission contrast 0.24 0.21 0.18 0.16 0.16

Table 5.4- Maximum change in simulated transmission over the pliase transition for AV O,
dolmens with varying values &, the dipolequadrupole gap.
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5.3.4- Effect ofthe Pitch of the Array

In this next set of simulations, tipéchis varied between 400 nm and 1000 nm while
holding all other paranters constant. As the pitéhincreased from 400 to 700 nm for Au
dolmens topped with insulating \\@olmens, the PIT region shifts to become centered in
wavelength between the bondinglaantibonding mode dips in the transmission spectagican
be seen in Figure 5.11The transmission in the region of PIT increases, as does the wavelength
range over which PIT is occurring. For this geometry, 700 nm is the ogittlaln terms of
theshape of the simulated PIT spectrum. Increasingitobto 800 nm destroys the
characteristic PIT spectrum while maintaining the bonding mode as identified thhauigical
electric field map.Further increases pitch sharpen this modeThis destuction of the PIT and
sharpening of the bonding mode that remains a
anomaly, which is described in Section 1.2.8. For the range of péghasned, theesonance

position for the bonding mode for P&lsoredshifts with increasingitch.

4 Figure 5.11- Simulated transmission
spectra for AeWO, dolmens with varying
pitches. The VQis in the insulating

-_—'-‘—v- phase during these simulations. Spectr
are offset by 0.5 for every 100 nm
increase irpitch for clarity. Incident
\ / \ / electric field polarized parallel to the

dipole antenna, along the lengthLaf

Transmission
N ()

-

1000 1200 1400 1600
Wavelength (nm)
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The maximum change in transmission over the PT increases slightly with increasing
pitch, as can be seen in Table .5As thepitchis increased, the magnitude of the local electric
field enhancement in the gap between the dipole and quadrupole antennas increases, with a large
increase for the 800 and 1000 pitches. This suggests that thgstehes are more effectively
concentratig electric field in the dipolguadrupole gapThis can be seen in Figure 5.ihZhe
local electric field maps of A¥O, doimenstaken at the wavelength of the bonding mode of
nanostructure where the pitishincreased. Thiatio of the magnitude of the local electric fields

in the gap for insulating and metallic Y@creases slightly with increasimitch, as can be seen

in Table 5.6

Pitch (nm) 400 600 700 800 1000
Maximum transmission contrast 0.2 0.22 0.23 0.24 0.24
Table 5.5- Maximum change in simulated transmission over the pltase transition for AV O,
dolmens with varyingitches.
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Figure 5.12- Simulated local electric field maps for AtO, dolmengaken at the wavelength
of the bonding mode afanostructurevith varying values opitch. The maps are taken at a
height of 30nm. A scale of electric field enhancement is provided at the top left. Inciden
electric field polarized parallel to the dipole antenna, along the length of

Pitch (nm) 400 600 700 800 1000

Electric field ratio (I:M) 1.77:1 1.75:1 1.82:1 1.88:1 1931

Table 5.6- Ratio of maximum local electric field values for | and M MOr Au-VO, doimens
with varying pitches

5.4 - Proofof-Principle Fabrication an@haracterization of Structures

Foll owing these simulations, stacked dol me
varying gap<s as a proodf-principle fabrication test. The stacks consist of 18 nm of VO

deposited by R sputteringon top of 60nm of Auon an ITOcoated glass substrat&he
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ITO-glass substrate was coated with PMMA by smating,using the thin PMMA method
described in the stackeddructure fabrication section of Chapterthe dlmen array was

patterned b¥EBL as describeth Chapter 2 with a 20 keV acceleratingtagie. Development

was doneas described in Chapter 2, usingialsar rotating at 300 rpm. Goldas deposited as
described in Chapter 2/anadium dioxidevas deposited as described in the stackadtture
fabrication section of Chapter 2 with at QCM setpoint of 45 nm yielding 18 £ 2 nm, as measured
by AFM shown below. Liftoff wagarried outas described in the stacksttucture fabrication
section of Chapter 2, except that pipetting with acetone occurredheitsample in air and not

submerged in acetone. SEMs of stacked dolmensG@wtib4 nm are shown in Figure 5.13

90 nm
80
70
60
50
40
30
20

Figure 5.13- Left and center SEMs of stacked dolmens. Left is a magnified images of &
individual dolmen and center is an ar@ dolmens with gitchof 1110 nm. RightAFM of
stacked dolmen. Line profiles indicate that the full structure thickness is 78 £ 2 nm. As
Au is 60 nm thick based upon previous Au nanoparticle thickness calibration via AFM, t
VO, layer is 18 = 2 nm thick.

The transmission spectra based upon the dolmen dimensions of this fabricatecasample
determined through simulations. The dimensions of the fabricated dolmen are put into
Lumerical FDTD in two way$ 1) using dimensions measured from SEM images using ImageJ

and reproduced in Lumerical FDTD wi-ufjmot hree r
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version of the SEM image to Lumerical with appropriate scaling. The simulated transmission

spectra for Au dolmens created in these two ways are shown in Figure 5.12.

1 Figure 5.14- Simulated transmission spectral
for anAu dolmen ora glasssubstatewith
c dimensions angitch matching those of the
o Measured fabricated AuVO; stacked dolmens. Inciden
3 : ’ lectric field polarized parallel to the dipol
£ 05 W dimensions electric |eI po e;}nzcla pahra eL o the dipole
% ‘.:- . SEM import antenna, along the length of.
[= ¥
[
¥
1300 1600 1800 2000
Wavelength (nm)

The transmission spectra are fit to a Lorentzian of the form shofeuation 5.1 as this

is the form of a dipolar resonance, which these curves resemble.

All three of the fit parameters are allowadlfixed during the fittingso that each can vany

order to obtain the best fit for each set of ddthe transmission spectrum obtained by importing
an SEM image of a fabricated dolmamd simulating the response of that dolmen can be
reasonablyit to a Lorentzianas seen in Figurg.15 The transrission spectrum obtained by
measuring the dimensions of an experimentally fabricated dolmen, reproducing the dolmen in
the simulation with three rectangles, and simulating that dolmen does not fit a Lorentzian very
well. This can be seen in Figusel6 Due to this, théit values ofb andii for the measured

dimensions transmission curve do not represent the data well.
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Figure 5.151 Simulated transmission Figure 5.161 Simulated transmission

spectrum(black)for an Au dolmen imported | spectrum(black)for an Au dolmen created b
from an SEM of a fabricated dolmen. The | rectangles with dimensions measured from
Lorentzian fit(green)represents the data fabricated dolmen. The Lorentzian fit
reasonablyvell. (purple)does not represent the data
particularly well.

The maximum y valueg, is nearly identical for the transmission from the measured
dimensions (0.94) and SEM import (0.93). The resonance positions are similar, ¢i®ugh
smaller for the measured dimensions at 1608 nm than for the SEM import at 1627 nm. The fit
parameteb is related to the depth of the plasmon resonance and is 21 for the SEM import and 16
for the measured dimensions. The width of the plasmon resonance is descfimtioyg
59 nmfor the SEM import and 70m for the measured dimensions. ThoughpglaEsmon
resonances obtained using these methods are not equallyesetibed by a Lorentzian, the
general shape of the plasmon resonance is the same for the dolmens created using method 1 and
method 2. That is, a narrow, deep resonance such as thateobiseFigure 5.1 for a 1000 nm
pitch. The local electric fields at the resonance positions for the dolmens are similar in strength
and pattern. The map associated with the SEM import has less uniformity in the dipole
guadrupole gapQd) than the map asciated with the measured dimensiong;asbe seen below

in Figure 5.17 This is due to imperfections in the fabricated nanostructures. This suggests that
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simulating fabricated structures with method 1, while not reproducing all the nuances of the
fabricated structure, provides a good idea of the resonance character. Thus, method 1 was

employed below.

0 10 20 30

Figure 5.17 - Local electric field maps at resonance for each of the two spectra. The pu
map corresponds to the measured dimensions and the green map corresponds to the §
import. Incident electric field polarized parallel to the dipole antenna, along thh keig.

Using method 1, the fabricated dolmens with 18 nm thick &® simulated for both |
and M VG and for light polarized both parallel to the dipole antenna (vertical in Figure 5.1
and parallel to the quadrupoletanna (horizontal in Figurg.17). Thepitchis modified from
the fabricategbitch of 1110 nm to 900 nm, which was determined to produce PIT in simulations.
This is done to evaluate the performance based on the positions of the individual Au bars, as the
pitchis easier to modifyn future samples than the precise positions of the Au bars comprising
the dolmen. The simulated transmission as a function gfp¥i@se and polarizan can be seen
in Figures 5.18 and 5.18espectively. There is a distinct difference in the specfrardbéng the

phase of VQ@for dipole polarized light, with a maximum difference in transmission over the PT
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of 0.14. The effect of polarization is distinct as well, going from PIT for dipole polarized light to

a broad dipole resonance for quadrupole poéariight, which is expected for a dolmen

nanostructure where the observation of PIT is polarizatependent.
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Figure 5.18- Simulated transmission spectr,
for Au-VO, dolmen for | and M phase VO
The dimensions are taken from fabricated
nanostructures and a 900 mitchis used.
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Figure 5.19- Simulated transmission spectr,
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fabricated nanostructures and a 900pitoh
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5.5- Conclsions and Outlook

In this chapter, AtwO, stacked dolmens are examined via simulations based upon the

results of previous expenents on dolmen nanostructuféd] Au-VO, disk

nanomodulatorg108 and preliminary simulationg 09 with the goal of developing a

nanostructure exhibiting active PIT with large contrast over the PT. Activis BBtained with

a measureable contrast over the PT using the nanoparticle dimensions -affmooeiple

134



experimentally fabricated dolmen stacks. The maximum change in transmission over the PT is
0.26, the resonance is still rather broad due to thefusetal plasmonic particles and YO
which both have notrivial losses, the maximum change in electric field enhancement over the
PT is only a change of a factor of two, and neither the PIT resonance position nor the bonding or
antibonding mode resonangesitions shift significantly over the PT due to the small amount of
VO3 in the local dielectric environment of the plasmonic particles. These results do not
sufficiently advance the statd-the-art and suggest that this specific platform of an Au dolme
topped with a V@dolmen is not suitable as a highntrast nanostructure, or one with a large
resonant wavelength shift. This platform may be suitable for applications where a small but
detectable change in contrast is acceptable and a polarizatemdeéep response is desirable.

Based upon this sweep of the stacked dolmen parameter space, there are a few avenues of
potential research. Due to the sensitivity of the PIT to thesgagtively tuning the gap size
through use of a stretchable substeateilar to what islemonstrated hergith split ring
resonator$84] or reversibly chenaially depositing and removing metal on the surfaces of the
dipole and quadrupole to shift the plasmon resonance and alter the gap size may be more
promising than using the tunable, though small, change in the local dielectric environment from a
VO, dolmenatop an Au dolmenA method for reversibly altering the dimensions of metallic
particles using electrodeposition to increase the nanoparticle size and stripping to decrease the
nanoparticle sizas described in Ref156. Using VO, nanopatrticles and an Au dolmen, it may
be promising to place nanoscale M® a region where the local electric field is highinduce a
large change in the plasmon response over the PT with a small patch, gu¢as in the gap
between the dipole and quadrupole antennas. In this way, the-dipaleupole coupling would

also be modified over the PThis effecthas been eimonstratedor Au bowties with a V@
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nanoparticle positioned in the gap and bridging the two trianf&3.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

In Chapter 2, processes for making remattering VQ, plasmonic nanoparticles on top
of VO, single crystals, and AMO, stacked nanostructures are discussed. These fabrication
developments make the experiments discussed in the rest of the dissertation possible and open
the door for new experiments and phgdic investigate. One such example is the nano wedding
cake structure, consisting of a Y@isk sandwiched between two Au disks of different radii.
This structure has to potential to exhibit active second harmonic generation. Breaking the
symmetry of te nano wedding cake by having the top Au diskceffiter may also yield an
interesting polarizatiolependent response.

In Chapter 3, the phase coexistence of a low aspect raticivi@e crystal is examined
and found to be different from that of higbp&ct ratio single crystals. Using the plasmonic
particles decorating the crystal surface, the nucleating M phase is also determined for the first
time in VO, single crystals to nucleate below the crystal surface instead of extending through the
entire thckness of the crystal. Thin \K@rystals decorated with plasmonic particles should be
investigated with increasing temperature to determine if that the M domains do reach tg the VO
crystal surface and shift the plasmon resonance of the nanopartitiesuffitient temperature.
The role of aspect ratio on the observed phase coexistence pattern should also be examined in
more detail to determine if there are other factors besides aspect ratio that influence the pattern of
M and | domains.

In Chapter 4doping of a polycrystalline V&hin film with hydrogen and examining the
influence of hydrogen on the \(@roperties using embedded plasmonic particles is described.

This proves to be a sensitive probe of the,Wi{steresis after different amounts of hyglen



doping and of the Vé&properties change while hydrogen doping is occurring such that two
distinct diffusion time scales can be observed. This film isemtaxial and thus the preferred
diffusion direction for hydrogen changes from grain to grdihus, a comparison of these
results to the dynamics of hydrogen doping for an epitaxig! filt@ with embedded plasmonic
particles may indicate the respective roles of the grain orientation and grain boundaries in
describing hydrogen doping of \{@hin films.

In Chapter 5, a design for active PIT using a stacked/®d dolmen nanostructure is
described. It is also determined that there is a limit to the switching contrast over the PT
achievable with this geometry. Placing ¥@ the gap between the dipcand quadrupole
antennas to reversibly tune the coupling between these modes and thus tune the PIT may prove
to increase the contrast over the M@X. Due also to the sensitivity of the PIT response to the
dipole-quadrupole gap size, a manner of actiater the gap size such as using a stretchable
substrate or reversible growth and removal of material on the dipole and quadrupole antennas
could be a fruitful direction for active plasmonics.

Based upon the work detailed in this dissertation, | propos® new directions,
applications, and fabrication developments using, VO, and metal plasmonics.

Hydrogen doping of V@alters the crystal structure of the ¥Ry changing the bond
lengths between neighboring V atontsspecially n a singlecrystal, this should, in principle,
alter the strain in the V£and thus influence the ferroelastic domains and the phase coexistence
pattern when the sample is heated. The influence of atomic hydrogen on the ferroelastic domains
of VO, in a single crystacould be determined by optically imaging the crystal during hydrogen
doping with a polarized optical microscope, since both ferroelastic domains and the effect of

hydrogen doping produce contrast in the color of the crystal. The catalyst necesskirjhe sp
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molecular hydrogen into atomic hydrogen could also be deposited only on certain parts of the
crystal to attempt to control which parts of the crystal become doped with atomic hydrogen.

Atomic hydrogen is known to passivate surfaces. The vanadimxde surface is
known to have a higher fraction of Vand \?*than in the bulk of the material which has more
Vv*. Combining these two facts, it would be interesting to see how the vanadium valence on the
film surface changes with hydrogen doping.e Manadium valence, for example, could be
measured both before and after hydrogen doping to determine the effects of atomic hydrogen on
the vanadium.These valence states are conventionally measured usiag phdoelectron
spectroscopy (XPS) undeltra-high vacuum(UHV).[158 It would not be feasible to measure
changes in XP8uring hydrogermoping, since the gas atmosphere would alter the detected
photoelectron energies. For this reason, XPS would be done on the sadgrlé&HVbefore
hydrogen doping, the sample would be removed to a gas cell for hydrogen dopitiggrand
sample would returned to UHV so that XPS could be done after the hydrogen doping.

To obtain narrow optical resonances from nanoparticle structures, metal plasmonics are
not a suitable choice due to their high free electron denti¢sontributeto the losses in these
metals, as described in REE3]. Instead, dielectric metasurfaces using materials such as silicon
could be used due to the low losses from absorption in the material which results in very narrow
plasmon resonances. These dielectric metasurfaces can even be composed of mulajpde reson
components exhibiting both dark and bright modes which can couple and produce a metasurface
analogy to PIT, as described in R@f59. Dielectric metasurfaces have also been demonstrated
to be sensitive to their local dielecteavironmen{159 Thus, combining a dielectric

metasurface with V@should yield active tuning of a sharp optical resonance. This may



represent a path toward a nanoscale optical switch which can be controlled on the ultrafast
timescale with light, as the \\@hase transition can be induced in this manner.

A strength of metal plasmonics that has not been employed in this work is that metal
plasmons locally generate heat related to the absorption in the material. The shape of t
nanoparticle can alter the amount by which the temperature of the material is increased when
illuminated by light, as seen experimentdlyg(0 The role of absorption and thus local heating
by plasmonic particles can be simulated using simulation software from Lurfiesisatifically
by calculating the absorption in the nanostructure using Lumerical FDTD and tafgtie
increase in temperature based on this absorption using the heat transport solver from Lumerical
DEVICE.[95 This local heating may be sufficient to locally switch M@noparticles or a thin
film next to the metal plasmonic particles based on the simulated temperature rise. If leght wer
incident upon these nanostructures, the local increases in temperature from the metal plasmonic
particles could switch just parts of a Y@in film and create patterns like a diffraction grating
depending on the placement of the plasmonic particlegewhe patterns would disappear after
the PT is reversed. If the insulating Y@electric functiondepends oihas temperature, heating
the material above room temperature but below the PT could produce a temperature gradient
which would produce a gradieim the refractive index that could focus or defocus light incident
on that region of the sample. This could lead to sitgneffectin whichthe focus can be tuned.
Designing the nanoparticles to have polarizatiependent absorption could also create a
multifunctional material where light of one polarization could be focused while not altering light
of a different polarization, for example.

This idea is a way to fabricate hybrid plasmevii©, nanostructures using one layer of

EBL and placing VQonly in the regions around the nanoparticle that have a high local electric
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field when the plasmon resonance is excitiedshort, the nanoparteelis covered with a

polymer sensitive to high electric field and feqphtoton absorption in the polymer damages the
regions of high electric field, as described in REI81, 162. The nanopatrticle is covered in
PMMA and the plasmon resonancetloé nanoparticle is excitedue tofour-photon

absorption, théigh electric field generated at specific places on the nanopatrticle will expose the
PMMA if the resonant wavelength is appropriately tuned. The power of the laser and the
exposure time inflence the size of the exposed region. The sample can then be developed to
remove the exposed areas, leaving wells in the PMMA which can be filled with Mfibff

will remove the unexposed PMMA, leaving Y@here the local electric field from the plasmon

is the highest. More details of the process used to expose the regions in the PMMA that
experience the high electric field from the plasmons, called PMMA mapping, are described in
Ref.[163, which extends the work of R¢fL61] from nanorod monomers and dns to bowtie
antennas.

The previous idea creates precisely positioned metal andh&@particles in close
proximity using a single step of EBL. This last idgwvisions the fabrication diybrid metal
nanoparticlevO, film active broadband absortsawvithout using EBL or a thin film deposition
method that requires a deposition chamber, such ad Bputtering or thermal evaporation,
allowing for cheap fabrication of devices. Metal nanoparticles of various sizes can be grown
chemically or purchaseddm commercial sources. This removes the need for EBL and provides
access to particles with precise plasmesonance wavelengths. Vanadium dioxide can be
deposited as a thiiim using a sebel method, as describedRef[164]. In this method, a
solution is prepared and spioated onto a substrate. The coated substrate is then baked in a

furnace to remove the solvent and create a M@. A sol-gel method for creating V£Qhin
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films and WO, films has been developed at Vanderbilt by Hanu Arava using the tube furnace
to bake the coated substrates. It should be possible to combine the chemically fabricated metal
nanospheres with the solution for the M80kgel process to create a Y@m with metal
nanoparticles embedded in the film. This creates an active plasmonic device without complex
lithographicfabrication, as seen in the top left of Figér& Changing the size of the chemically
fabricated nanoparticles will change the plasmonnasce of the nanoparticles, as can be seen

in the schematic in the bottom left of Fig@d. Thus, combining chemically fabricated
nanospheres of different sizes with the \80lution should create broadband absorption that is
tunable by inducing the pbka transition of V@ With caeful design ofthe device, inducing the

PT shouldopen a window of transparency within the region of broadband absorption as can be
seen on the right of Figu&1l, so that the device would act as a controllable filter. iBhis

because the change in the dielectric function of the &@r the PT, and thus the resonance shift

of the plasmonic particles over PT, is wavelerdgipendent.
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Figure 6.17 Schematics illustrating the principles for a broadband absorber which is act
tunable. In the top left, the absorption of nanopatrticles of the same size embedded in N
VO, (red and blue, respectively) are shown in comparison to the absorption of those
nanoparticles in air (black). In the bottom left, the absorption of nanoparticles of differel
sizes in air are shown. On the right, the absorption of nanoparticles oéuliffezes
embedded in M and | V{{red and blue, respectively) are shown.
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APPENDICES

Appendix A

Useful Lumerical Scripts

A.11 Parameter Beeps usingcripting

A parameter in a simulation, such as the length of a nanorod, can be swept over by hand
by creating many simulations which each have a different value of this parameter. It is simpler
to create all of these simulations and modify a parameter in the sonslasing a script. A
script provided below modifies the length of a nanorod in the x diregtiena defined range
and saves each file with a name defined in the sdmpine 1, the one dimensional array called
xspanis defined to have values rang from 100*10° to 200*10° in three steps. These values,
then, are 100*18, 150*10°, and 200*10. The rest of the script consists of a for loop. The
second line sets up the for loop to iterate over values of the counter varsthtéing from land
going until thel is larger than the number of valuesxspan The third line changes the open
simulation fromthe result viewing mode to the layout mode where the values of parameters can
be modified. The fourth line sets the parameter of x spathe object named nanorod to the
value ofxspanat the position in that one dimensional arrayrhe fifth line defines a parameter
calledf_nameto be the words nanorod length test combined with the current value of the counter
variablei. In this scipt, for example, if the countemwas 2 then the parameter x span for the
nanorod would be set to 150*1@m and the name of the file would be nanorod length test 2.

The last line saves the simulation to the file name defined in the fifth line.
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xspandinspace (1006, 200e9, 3);

for (i=1:length(xspan)){

Switchtolayout;

setnamed(finanorodo, A

f _name=0nanorod | engt

save(f_name); }

A.271 Script to runMultiple Simulations in eRow
Simulations can be manually rby clicking the green run button for an open simulation.

When it is necessary to run multiple simulations, it can be helpful to place them all in the

simulation queue and then run alltbé jobs one after the other. A simple script such as that

shown b&w permits a list of simulations to be run in mannierthis script, three simulation

files (file 1, file 2, and file 3) are added to the simulation queue in lines one through 3. In line

four, the simulations in the queue are run.

addjob(Aafile 10);
addjob(Afile 20);
addjob(Aafile 30);
runjobs;

A.3 - Exporing Data from avionitor

Data can be exported manually from a monitor by viewing the relevant data and clicking
the approgate buttons to export thosata. When it is preferable to process orlsdhe data
before eporting it, or when the data at@ be imported into a program for analysis that does not
parse headings well, a script can be used to export data from a specific monitor. A script
showing how to expod transmission spectrufrom amonitor is shown belowThe first line
defines the variabl€ as having the list of transmission was held in the monitor called

TransmissionMonitom the simulation from which da arebeing exported. The secolide
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defines the variableas havinghe list d frequency values held in ti@ansmissionMonitor
monitor. The third line defines a new varialambdaas the speed of liglat(a known constant
in Lumerical FDTD) divided by and multiplied by 19so that the frequency values are
converteda wavelength values. The fourth line defines an aneagesdata_to_printto contain
the values ofambdaand of T multiplied by 100. In this way, this array comta the percent
transmission atach wavelength point, where the wavelength is in nanosndtethe last line,
the data irdata_to_printareconverted to a string and written to the file nartradsmission

spectrum.txt

T=transmissio
f=getdata(ATr
lambda=c/f*1e9;

data_to_print=(lambda,T*100);

(ATransmi ssionMonitoro);
ns

n
a mi ssionMonitoro, ofo);

write(Atransmission spectrum.txto, num2str (da

14¢



Appendix B

Detailed Process for Single Crystal Growth

In Appendix B, the detailed process and considerations from growingix@le crystals
in the tube furnace in the Haglund lade discussedTopics such as substrate constraints,
sample loading for single crystal growth, and a heating recipe are covered here.

As the growth temperature for \d@ingle crystals is 82%, with crystals also growing
between 810C and 850°C, themelting temperature of the substrate on which the crystals will
grow must be high enough that the substrate will not melt during growth, f8i@xample,
should not be used as a substrate for this crystal growth. Silicon and quartz approximately 1 cm
in sizebothwork nicely, and the Si doping does not influence the crystal growth in any
noticeable manner. Silicon is conductive whereas quartz is not, but growth on quartz yields
larger single crystals. Cleanitige substrates before the crystals grosdbs not influence the
resulting crystals, so it is unnecessary to clean the substrates before growth.

Boats are used to hold the®; powder and the substrate on which the material will
condense. The boats are loaded such that i0g powder is upseam (loading side of the tube)
and the samples are downstream (vacuum pump side). For the powder, approximately a
teaspoon is placed in one end of each boat using a spatula. Fresh powder is used for each single
crystal growth. A maximum of two samplase placed at alternating angles away from where
the powder has been placed in eholat as seen in Figure B.For Si samples with one side
polished, the polished side is placed face down in the Gde.two boats are then placed into
the small quartzubewhich iscolored black fronprevious single crystal growths'he small

guartz tube is used to confifeetvapor and make it easier to remtwe boatgrom the main
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tube in the furnace. he boats tend to get stuck to the bottom of the tube if they are put directly

into the main tube.

Figure B.17 Schematic opowder and
substrate positions in the boat for single
crystal growth.

The small quartz tube is loaded into the main tubplaging the small tube in the main
tube and pushing it as far into the main tube as possible with a hand. A steel rod with distanced
marked with marker is used to push the small tube into the main tube until the red mark on the
rod is in line with the bagning of the furnace. While doing this, it is important to push on the
small tube and not the boats inside the tube. Inserting the rod into the main tube at an angle
makes this easier, since then it is possible to push on the side of the small tatie.pEwious
single crystal growths, the main tube is rough inside of the furnace, so care must be taken to
prevent the boats in the small tube from flipping over.

As this process uses Ar gas instead gfte vacuum pump that is not suitable for used
with O, is used to save the pump that can operate witlja® for VQ annealing. The exhaust
hose must be swapped to the vacuum pump being used. At this point, the tube can be sealed as is
done for VQ annealing by placing the end piece on the tube and pumping down the tube using
the vacuum pump. Once the tube is under a sufficient vacuum that the end piece will stay on

without being held, the split ring holder is removed so that it is safe totleavebe furnace
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unattended during this growth proce3® monitor the pressure inside the tube, a vacuum that
can measure pressures up to 2 Torr is used. Once the pressure in the main tube is less than
30 mTorr, Ar gas is flowed into the tube fane to reach a pressure of 1.7 Torr. It is necessary
to verify on the computer that the Ar mass flow controller is being used for this process instead
of the Q mass flow controller. The pressure in the tube will take some time to equilibrate, but
the tanperature ramping should be started at this point because nothing will occur in terms of
single crystal growth until the high 700 to low 8@range.

Before heating the tube, the fans below the tube should be turned on to prevent the tube
and the fitthgs from becoming too hot. The temperature is ramped up to the growth temperature
of 825°C in stages so to not overshoot the growth temperature. The tube is first ramped to
250°C. It can be left to heat for 10 minutes during the temperature rgrapihat this point the
mass flow controller can be adjusted if needed. The tube is then ramped@ Wwhlch should
take approximately 15 to 20 minutes, and, then to°65@vhich should also take approximately
15 to 20 minutesThe timing is not asritical up to this temperature, and if a temperature is
within 20°C of the target temperature on the raimp next step can lmarried out Above
650°C the timing becomes more critical because this is becoming close to the growth
temperature. Thinal step in the heating ramp is heating the tube to°846r 15 to 20 minutes
and staiihg atimerwhen the temperature reaches 825 After one hour of single crystal
growth at 825'C, the furnace can be turned off and let to cool for at leashfmunsor until the
temperature reaches 18D andcan behandlel. At this point, a copper rod with a hook at one
end can be slid into the main tube past the end of the small quartz tube to hook the downstream

end of the small tube and pull the small tolo¢ of the tube.
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Appendix C

Detailed Process for Writing Nanoparticles on)&gle Crystals

In Appendix C, the process of writing an EBL pattern on a specific location of-a non
uniform sample is described. This prockasmany steps in common wittoing the second
layer of a two layer EBL process.

If an electron beam lithography (EBL) pattern is to be written on a uniform sample (bare
substrate, substrate with a film on it, etc), a basic EBL writing procedure can be used for
positioning the sampl| where a scratch is made in the bottom left corner of the sample and the
pattern is written some usset distance (typicallgnillimetersup and to the right) from the end
of the scratch. This works with no issue on a uniform sample, since as long as the pattern is
written approximately where it was placed, then the pattern can be easily located to check
lithography quality under an SEM @mo be measured in an experimental setup. If, though,
multilayer lithography or writing on specific features on the underlying sample is necessary, the
above method lacks the requisite precision. The following description of steps will focus on
writing Au nanorods on randomly located Y&Ingle crystals, though comments about adapting

the procedure to conventional double layer EBL are also made throughout.

Writing Au nanostructures on \3ingle crystals poses a few challenges. They are
randomly locatd on the sample, as can be seen in Figure C.1 on the right, so it is difficult to
locate a specific single crystal identified via optical microscopy on the Raith. Once the pattern is
written, it is also difficult to go back and find the written area.other challenge is that writing

specifically on the single crystals requires precision and also focus adjustments as the single
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crystals are significantly taller than the substrate on which they are grown. To make locating
specific crystals easier, phatbbgraphy markers are written on the sample comprised of crosses
as well as alphanumeric coordinates, seen in Figure 1 on the left. The markers can be seen
underneath the PMMA and Cr conduction layer, so they make locating crystals easy during EBL

as wel as before and after EBL.

Photolithography Markers - markers help with
locating crystals on SEM and optical microscope

Figure C.17 Vanadium dioxidesingle crystals grown on Si with overlying Au
photolithography markers. The left SEM shows the regularly spaced Au crosses with n
and letters, with PMMA and Cr on top, demonstrating their visibility for EBL. The right
optical micrograph shows \3ingle crystals on the micrometer scale randomly oriented
shaped near one particular set of photolithography markers.

A naive attempt to remedy the precise position problem might be to define a corner of the
crystal of interest to be (0,0) usirftetset origin feature on the Raith and then write the pattern at
(0,0). While this will put the Au nanostructures in generally the right place on the sample, this

may not be precise enough to achieve the desired outcome, as can be seen in Figure C.2.
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Figure C.21 Vanadium dioxide
single crystals grown on quartz
with overlying Au
photolithography markers and
EBL-patterned Au nanorods. As
can be seen, the Au nanostructu
were written on the sample (boxe
in red), but there is an offset on t
1 0 6 siicronk order between
where the structures were writter
and the crystal onto which they
were intended to be written
(pointed to with blue arrow).

Aligning to three points (defining a plane) allows for more precise positioning than
aligning to one point with the set origin feature. #@sakeof clarification it should be noted
that aligning to three points is a separate thing from aligning tite fields. That is to
prevent/minimize stitching errors when a pattern being written is more than a singléeldite
in size, whereas aligning to three points is to set up a coordinate system used to position the
pattern to be written on the sampleor this process, a GDSII file containing the already written
alignment markers with the appropriate dimensions and separations is required. In this case,
30 micron crosses spaced 200 microns apart and fabricated via photolithography are used, and
thealignment locations are at centers of three crosses out of the four that make a square. The
markers in the GDSII file can be written on a different layer than the pattern to be written, as one
way to make sure that only the pattern is written insteatsofveriting the markers a second
time. A mark (green flag numbered2],or 3) is placed at the center of each of the three
alignment markers being used in the GDSII file. Once these are set, the equivalent points on the

sample are navigatedto and selecd i +p oti md s3 al i gnment wunder
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eyedropper) so to align the coordinate system in the GDSII with that of the sample. Care is
taken to not expose the sample except areas for very close the markers. This can be
accomplished by oving from marker to marker by control + right clicking the desired location
in the GDSII file, and zooming in just on the marker so to locate its center for alignment. The
Aadj ust o button wildl be clicked aomwdfethedJVl t hr e
coordinates based on these mark positions. Fiecdordinates on the bottom right will change
once Aadjusto has been clicked. For multilay
the one being written is critical because the se for permissible misalignment is quite
small, there is an automated alignment process to more precisely than may be possible by hand
locate the center of each of the alignment markers.

At this point, there is another difference between multil&r and placing a
lithography pattern precisely on a randomly oriented and located area of the sample, in this case,
on single crystals of VO For multilayer EBL, each layer of the pattern has been put into a
single GDSII beforehand as a separate lagehat the layers will match up when they are
written on the sample. For writing on the crystals or any othewundarm features, especially
those which are difficult to see under the SEM, the pattern to be written can be placed into the
GDSlI file reldive to the flagged markers. This placement is based upon the distance from and
position of a flagged marker to the single crystal, which can be determined via optical
microscopy images and a program like ImageJ to measure distances, or in the Raith&8&M w
the method is described below. After the markers have been set, a SEM image of the 3 markers
and the crystal to be written on is taken, and the length and width cursors are used to determine
the distance from the bottom left cross (0,0) to the ceftidre crystal. With the distances from

the bottom left marker measured, the array to be written can be placed such that its center is at
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the coordinates given by these distances.

As the terms writefield and working area are both being introduce laeid are
similar, it is beneficial to specify the differences between them and what each one means to
avoid confusion. The writefield is the area on which the electron beam can write without
moving the stage. The size of this area can be altered heitize of the area and the resolution
of the pattern being inversely proportional. The working area, in contrast, is defined by the user
and is the area of the pattern desired to be written. This can comprise multiply writefields, be the
same area asvaritefield, or be an area less than that of a full writefield.

It is necessary to set up the working area and make sure that it is centered on the pattern
to be written. This is done in AExposure Pro
rectanges) by setting the center of the working area based the coordinates of the pattern to be
written and the size of the working area desired. In this case, the working area is the size a single
writefield and is the size of pattern to be writtédnce the wrking area is set, the pattern can be
dragged and dropped into a positionlist. The properties of the pattern (such as the location,
exposed | ayer, and dose parameters) can be mo
on the pattern in the posinlist. The location of the pattern to be written in the positionlist can
be set directly from the location of the working area using the bottommaost right button in
exposure properties (green box with cross, and nearby cyan and black boxes). The beyers t
exposed are set in the positionlist for the p
button (a series of parallel colored planes). The dot, line, and area doses for the pattern are set by
clicking the 0EXxpos uebzmanRarrerd onehe Earaday duphtatbeen af t e

measured.
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With this general method, it is advisable to make the pattern to be written larger than
strictly necessary (assuming that patterrtingitimes are not prohibitivelipng) to guarantee
that thecrystal is covered. To write on top of objects like the crystals, which haveiniah
heights, it is also advised to focus (at a low magnification) on the top of the crystal so that the
electron beam is focused during writing.

From this point, the BL process required to pattern on aamform substrates is
identical to that of the process for a uniform substrate. This process, once complete, will

produce lithographically patterned particles on a-aoifiorm substrate, such as the Au nanorods

fabricated on top of V@single crystals which can be seen in Figure C.3.

Figure C.31 Vanadium dioxidesingle crystals rwn on Si with overlying Au
photolithography markers and ERlatterned Au nanorods. As can be seen, the Au
nanostructures have been successfully written on the sample directly on top @f/stals.
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Appendix D

Details of thePlasmorResonance Hysteresis

In Appendix D, the plasmeresonance hysteresis described in Chaptedécsissed
further. The plasmenesonance hysteresis for Au nanoparticles embedded in an undoped VO
thin film is compared with the thermal transmission hysteresis of this samthMdilm. The
plasmonresonance hystereses for Au nanoparticles embedded in an undopédn\iin both
before and after Pd are also compared.

A comparison of a therm&lO, transmissiorhysteresis curve and a plasra@sonance
hysteresis curve taken on the same sample before Pd deposition or hydrogen doping can be seen
belowin FiguresD.1 and D2 respectively Red and blue curves represent heating and cooling
respectiely. The hysteresis widths for the thermal alamonresonance curves are similar, at
14°Cand 15°C respectively. The critical switching temperatures for both the heating and
cooling curves, though, are at lower temperatures for the thermal hystagesior the plasmen
resonance hysteresis. For the thermal hysteresis these temperaturé€aand@86’C whereas

the temperatures are 76 and 6(°C for the plasmomesonance hysteresis.
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1 Figure D.1- Thermal transmission hysteresis
c on the VQ thin film on sample IT@LO away
g 0-9 from the buried Au nanoparticl Th
0 particle arrays. The
ﬁ 0.8 red and blue curves represent the sample
g response during heating and cooling,
< 0.7 respectively.
~ 0.6
0.5
30 50 70 90
Temperature (°C)
680 Figure D.21 Plasmorresonance hysteresis g
sample ITG10. Sigmoids represent the
— average heating (red) and cooling (blue)
E 660 responses of 10 Au disk dimers and 9 Au dis
T monomers.
~< 640
620 30 50 70 90
Temperature (°C)

Next, the effect of putting 3 nm of Pd on top of the \fildn and annealing that to create
Pd nanopatrticles is determined. comparison of the plasmon resonaihgsteresis can be seen
before and after Pd deposition in FiguBe8 andD.4 respectively.The plasmofresonance
hysteresis curves for ten individual disk dimers and nine individulalndiaomers are recorded
for temperatures between 20 and 120C both before and after Pd deposition. There is no
measureabldifference between the plasmogsonance hystereses of the disk dimers and disk
monomers, so these 19 data sets are avetagether. Due to the Pd deposition, the critical
temperature Jas well as the central temperatures for both the heating and cooling curves
decreases (5 +Z, 7 + 2°C, and 2 + PC respectively) and the hysteresis width narrows by
5 + 3°C. The werall resonance shift over the PT is consistent for the system before and after Pd
deposition within uncertainty. With the Pd deposition, the metallic state resonance position blue

shifts by 9 £ 9 nm and the insulating state resonance position is eah$fisfore and after Pd



deposition within experimental uncertainty. The heating sigmoid slofpgaéter Pd deposition
and theslope of thecooling sgmoid at T, remains the same within uncertainty. Overall, there
are small though nasurable changes the plasmomresonance hysteresis of the system due to
Pd deposition, as can be seen below in the comparison of the average sigmoidal fits for the

plasmonresonance hysteresis curves before and after Pd deposition.

680 680
EGGO EGGO
= =
5640 5640
< <
620 620
30 50 70 90 30 50 70 90
Temperature (°C) Temperature (°C)
Figure D.31 Plasmorresonance hysteresis| Figure D.4 - Plasmon resonandeysteresis
on sample ITGLO before Pd deposition. on sample ITGLO after Pd depason.
Sigmoids represent the average heating (r¢ Sigmoids represent the average heating (re
and cooling (blue) responses of 10 Au disk| and cooling (blue) responses of 10 Au disk
dimers and 9 Au disk monomers. dimers and 9 Au disk monomers.
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Appendix E

Contributions to the Understanding of Yot Discussed in this Dissertation

My contributions extentieyond the topic discussed in the body of this dissertation, the
interactions between gold plasmons and,VOhus, two papers whichgride new information
about theproperties of VQ@from experiments using samples fabricated by me are discussed
briefly below.

The first of these contributionzertains to the speed of the YIMT and its relation with
the SPT.Thi s work is published in PRL uvapsgmr t he
Photoexcited MonoclinicVed ue t o P h ot o tndhis warke the b&ndgap of sgPd.D
VO, thin film grown by me was probed using tiresolved photoelectron spectroscopy during
ultrafast excitation of the material. This method allows foetresolution high enough to
resolve the dynamics of the YOMT as well as the ability to isolate changes in the dielectric
function from changes in the bandgap. It was previously thoughts that the IMT would not
immediately being upon excitation, buthrat that there would be a delay due to the SPT. With
the high time resolution in this work, this was demonstrated to be occur. Instead, the IMT begins
nearly immediatelynd indicates that the IMT can finish before the atoms in thebé@in to
move dumg the SPT. This demonstrates that the SPT is not required for the IMT to occur and
that in the time before the SPT occurs that the M@ a monoclinic metallic state.

The second of these contributions pertains to the role of the bandgasiopgbmg
power of the electrons in metal oxides such as #éOprotons. This work will be submitted to
Physical ReviewAunder the title AScaling properties

protons in oxideso. 2l HfO, Tialdy, add An@) wére hit with t a | 0 X

0

d



protons to determine the effect of different material properties of these metal oxides on the
interactions of the electrons in these oxides with the incident protons. A variety of oxides were
used to determine which paramstatter the electronic stoppin§.anadium dioxidevas used to
determine the effect of the bandgap on the stopping power, since the bandgap collapses over the
PT from insulating to metallic. | gre®RF~M sputtemg VO, films between 8 and 16 nm thick on

Sifor this application.| verified that the films had a phase transition using temperature

dependent transmission, as can be geé&igure E.1 As expected, the change in transmission

over the PT increases with increasingMRickness.Characteristic EM and AFM images are

also included in Figures E.2 and E.3, showing that the films are generally continuous but have
voids as can be seen in the differences in conductivity and differences in height using SEM and
AFM imaging respectivelyUsing VO, the gattering cross section was determined to not be
influenced by the bandgap of the material, as the 86@ttering cross section for the protons at a
given energy was the same for insulating and metallig. VKbie density of the valence electrons

of the diferent oxides also did not influence the scattering cross se@lmnscattering cross

section for metal oxides was instead related to the number of occupied states in the valence band

of the material, thus with the number of oxygen atoms in the material
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Figure E.1- Temperaturaependent transmission measured using a 1550 nm laser light fo
nm, 12 nm, and 16 nm (left to right) RF sputtering VQ films grown on Si.The cscillations in
thehysteresis curvesredue to the thermoelectric effect in silic@md appear in these curves

due to the underlying Si substrates.
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Flgure E.2i Representatwe SEM |mges for 8 nm, 12 nm, and 16 nm (Ieft to ngH\‘J RF
sputtering VQ films grown on Si.Individual grains with dlfferences in conductivity are seen

Figure E.37 RepresentativAFM images fol8 nm (left) andLé nm €enter andight) RFM

sputtering VQ films grown on Si.The samples are filrke, with distinct grains and regien
where the material appears to be balipd Some regions on the samples have voids, as se¢
the right image.
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