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ABSTRACT

FABRICATION OF NOVEL CORE-SHELL NANOSTRUCTURES
FOR PHOTONICS APPLIBTIONS

Tural Khudyev
PhD. in Materials Science and Nanotechnology
SupervisorAssoc. Prof. DrMehmetBayadg
July, 2013

Developments in naisgale fabrication and characterizattenhniqus have led to
fundamental changes in the scientific understanding of many fields, and novel
nanostructures have been utilized to investigate the conceptual underpinnings behind
a diverse array of natural phenomena. However, nanofabrication methods are
frequently hindered by issues suchmaisalignmentsmall batch sizesigh production
costs and constraints in material choice or nanostructure divemsitich decrease
their potential utility and prevent their widespread applicatiamanoscale optics and
photonics.

In this work,a new topdownnanofabrication method described, which is called
Iterative Size Reduction (ISRyvherestepby-step reduction is utilized to decrease
structure dimesions from macroto nanosizes angroduceindefinitely longone
dimensional coreshellnanastructuresvith properties highly suitabler usein optical
applications PlateatRayleighinstabilitiesare then utilized tthermally degade ISR
produced nanowire arrays into complex eshell schemes, which are proddce
successively in a hitherdiondescribed transitory region between esinell nanowires
and coreshell nanospheres.

A diverse array of optical phenomena have been observed on fabricated novel core
shell naneplatforms, which are utilized in the design mdvel nanostructures for
emerging photonics applications. Briefly, (a) the resonant Mie scattering behavior is

characterized on glag®lymer nanostructures and these nanostructures are designed



for largearea structural coloration, (b) a novel r@sonah Mie scattering regime
responsible for the scattering characteristics exhibited bpoéliner coreshell
nanowires is described, (c) a nanoscale analogue to the thin film interference
phenomenon is demonstrated that occurs on thest@iéboundary of$3R-produced

micro- and nanostructures, (d) an unusual photonic crystal structure observed in the
neck feathers of mallard drakiesnvestigated and imitated, (e) a series epalymer
coreshell nanowires to function as novel lighapping platforms ah sensors are
engineered and (f) the generation of supercontinuum light irokedired arrays of

As;Se; nanowires isreported

Keywords Top-down nanofabrication technique, fiber drawitigermal instability
Mie scattering, corshell nanostictures, nanoshell interferengehotonic crystal,

supercontinuum generatiplight trapping, optical sensor
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ellipsometric constants results inet disappearance of higher modes, especially in

lower wavelengths where scattering is hindered by absorption by #8sA®re.
Structure Il engths are 3 Om -$tracturaleiatanbes s c h e n
of 200 nm were utilized for discrete dosimulations. While all fabricated
nanostructures are expected to yield a-agexhge color at 200 nm, pronounced
differences are present in their scattering characteristiCs.............cccovviieeeeeend 85

Figure 5.8: Schematics of experimental-getfor scattering measurements from
nanowires and nanospheres. The optical image of a nanowire array is shown.
Structures with diameters smaller than 200 nm were obtained using the dark field mode
of an inverted microscope. The scattering spectrum was takea hj-Vis

spectrometer coupled to the MICITOSCOPE.........cevviiiiiiiiii e 86

Figure 5.9: (a) A novel thermal size reduction technique is used to obtain indefinitely
long, scalable corshell nanowires. The structure consists of a Jughectric
semconducting (AsSe) core, a piezoelectric polymer (PVDF) shell and a high
temperature thermoplastic (PES) cladding. The structures show native structural
coloration based on their sitependent properties. (b) Ceskell structures, when
scaled down to diameter range between-200 nm, show resonant small particle
scattering. Masproduced, indefinitely long and largeea coreshell nanowire arrays

can be colored by (C) Mie SCAtErNG.........uuuuuriiiiiiiiiiieeeiiiiiieie e 88

Figure 5.10:(a) TEM images ofpolymer embedded ASe/PVDF coreshell
nanowires. (b) Sizdependent Mie scattering from 35 nm (blue), 42 nm (green), and
175 nm (red) corshell nanowires. (c) Spectroscopic dark field scattering
measurements from these three eshiell nanowires show z=-dependent resonant
peaks at 470 (blue), 530 (green), and 700 (red). (d) Numerical FDTD calculations of
scattering from these nanowires agree well with the measurements. Inset: Resonant
modes are identified using FDTD simulations. In the calculatiamsgd wavelength
dependent refractive indices and extinction coefficients obtained from spectroscopic
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Figure 5.11: Largarea coreshell nanosphere arrays engineered for blue, green and
red hueswith average diameters of ~130, 170 and 220 nm, respectively. (d) Scattering
from colored nanostructures measured by inverted-filgick microscopy. (e) FDTD
simulation technique used for the verification of experimental results. (f) Analytical
solutions br light scattering from spherical ceséell nanostructures modeled with
LorenzMie theory. Analytical and simulation results overlap, and are consistent with
measurement data. Collective scattering from large area spheres with narrow size
distributions esult in uniform coloration and small shifts in scattering spectra.

Ellipsometric material parameters were used in FDTD and analytical calculéibns.

Figure 5.12: Largearea inpolymer coloration of globally oriented nanasttures.
Resonant Mie scatteridgased coloration is observed on various fabricated
nanoschemes. High uniformity and smoothness is paramount foidiggeoloration,

and result in size dependent color shifts when compromised. Present fabrication

methodis able to eliminate such structural errord)(&5izes are ~200 nm for all cases.

Figure 6.1: Mie scattering from nanostructures. (a) Schematic illustration of light
scattering from corshell nanostructures. Nefield profiles for scattered fields of (b)
resonant and (c) nemesonant regimes. In the resonant regime, light confines within
nanowire and is then scattered in a leaky mode. However, ferdfvactive indices,

light cannot be trapped inside nanowires andni&teiad scattered in the forward
direction. (de) The transition from resonant to A@sonant Mie scattering regimes

can be observed by reducing the refractive index of the nanostructure. While changes
between the modes of TE and TM polarizations is oleseima higher refractive
indices, scattering maps are nearly identical for the low refractive index medium for
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Figure 6.2.NRM scattering maps of cohell polymer nanowires for (a) TE and (b)
TM polarizations. Extending the wavelength and diameter ranges for anfixiedl.5
in Figure 6.1d,e results in the appearance of lower orders. Electric field profiles of

corresponding orders of (c) TE and (d) TM polarizations exhibit strong directional
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scatteing. Field profiles confirm the neresonant nature of the NRM scattering
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Figure 6.3: NRM scattering in various geometries. (a) NRM scattering in bare
nanowires. Electric field profiles of first order of TE and Tdlarizations exhibit
forward scattering behaviour, as would be expected. (b) Nanotube geometry is another
interesting structure for the observation of this scattering regime. Field profiles of
NRM scattering from this geometry differ slightly from thenowire case, although

they also exhibit forward scattering behavior. Nanotubes are one of the most favorable
geometries in microfluidics, and NRM scattering is therefore promising in this field.
Inner/outer diameter ratio of the nanotube is 1:1.5 foradtlutations. (c) For sphere
geometry, nofresonant field distribution verifies forwastattering feature as in 1D
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Figure 6.4: Comparison of analytical solutions with FDTD simulations. Analytically

solved scattering equations for both (a) TE and (b) TM polarizations were compared
with FDTD simulation results. The method used for analytical solutions is based on
vector wave harmonic expansion of scattered light. Simulated results are in good
agreement wih theoretical calculations. Nanowires used for comparison have core

diameters of 340, 400, 520 nm for blue, green, and red coloration, respecti@dy.

Figure 6.5: Optical properties of NRM scattering. (a) Couplieg scéering can be
obtained for illumination perpendicular to the coupling axis (as shown in the inset).
(b) Mode splitting is observed when light is incident on coupled nanowires. (C)
Scattering from low refractive index nanostructures displays a polarization
independent behavior. (d) Field intensity profiles indicate that light mostly
scattered along the forward direction. Very high forward to backward scattering ratios
are obtained for both Polarizations..............cciiiiiii s ccee e e 102

Figure 6.6: Capling-free scattering. Sidby-side nanowires do not induce optical
coupling, which is markedly different from resonant Mie scattering. For both (a) TE
and (b) TM polarizations scattering spectrum is unaffected from number dbyside
side coreshell nanowes. Same results hold for bare nanowires (c,d)........... 103
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Figure 6.7: Field profiles of coupled nanowires. (a) Near field profile of scattering
from a single coreshell nanowire. (b) The field profile corresponds to a 550 nm peak
in Figure 6.5a. Electric field distribution within the cesieell structure is almost
unaffected from the number of nanowires that are arraye¢bgidale. (ed) Scattered
light exhibits coupled cavity behavior in overlapping nanowires. Profiles in ¢ojdin
correspond to 1060 nm and 450 nm peaks in splitting, respectively shdvigune

Figure 6.8: Measurement setup for structural coloration. Schematics of experimental
setup used for scattering measurementpaiymer nanowires. Optical microscope
images of individual colored nanowires are obtained in the bright field mode of an
inverted microscope. The scattered light is collected by aVWNIR MAYA

spectrometer coupled to the MICIOSCOPEL..........uuuumiiiiiee e e e e e 105

Figure 6.9: Structural coloration of polymeric nanostructures. Light scattering from
coreshell nanostructures designed for red, green and blue coloration was investigated
experimentally and theoretically. (a) Optical microscope images &bretb
nanostructures. Red, green and blue hues were observed on nanowires with core
diameters of 340, 400, and 520 nm, respectively. (b) Scattering measurements
performed by using inverted optical microscope in bright field mode (Detailed
measurement setup given in Figure 6.8). (c) Scattering from low refractive index
nanostructures are simulated by using a FDTD technique with ellipsometric constants.
(d) An analytical solution based on the vector wave harmonic expansion of scattered
light is developeddr coreshell geometry. Experimental measurements agree well

with the analytical and simulated resultS..........cccooiiiiiicc e 106

Figure 6.10: Nandlade lithography uses the focusing feature of NRM scattering in
order to expose the photoresistsubwavelength sizes. Consequently, 1D grating

structures or holes can be fabricated..........coveeeie e 108

Figure 7.1: Nanoshell interference mechanism is demonstrated in spectroscopic FDTD
simulations of sizescalable AsSe/PVDF coreshell nanowires, using TM polarized
light. Nanoshell interference is effective for shell size in the 3D nm range. The
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formation of reflection peaks is due to shell layer interference. Secondary high

frequency interference in larger nanowires does not comige coloration........111

Figure 7.2: Theoretical analysis of structures associated with cylindricaklecelle
nanowires. Reflection spectra of three different geometries were determined by FDTD
simulations. Reflection from thAs,Se; substrate (red) is constant throughout the
spectrum, as expected from Fresnel equations. Spectra of thin film interference for
PVDF film on AsSe; substrate (blue), and shell on nanowire (green) exhibit similar
behaviors and peak in closest speptahts. Shell and core thicknesses are set at 250

nM and 1000 NM, re€SPECHIVEIY.........ccciiiiiiiiiiiieeee e e 112

Figure 7.3: Nanoshell interference phenomenon in coated microspheres. Multiple
reflections from different material interfaces result withstauctive and destructive
interferences. First two order of interference appear in the calculated size and
wavelength range. Rapid and slow oscillations are originated from core and shell
region respectively. During calculations, sphere diameter intake onst ant as

Figure 7.4: (a) A novel thermal size reduction technique is used to obtain indefinitely
long, scalable corehell nanowires. The structure consists of a Jughectric
semiconducting AsSe; core, a pezoelectric polymer (PVDF) shell and a high
temperature thermoplastic (PES) cladding. The structures show native structural
coloration based on sizependent properties. (b) Structural coloration based on non
resonant interference for shell sizes betwEghand 300 nm, where coloration results

from multiple reflections from corshell interfaces..........ccccooeviiiiiiiiiiccciiiinnnn. 116

Figure 7.5: Schematics of the experimentalgetor reflection measurements. Optical
image and reflection data were obtaineing the bright field mode of an optical
microscope. The reflection spectrum was taken by aMisspectrometer coupled to

TNE MICTOSCOPE. ...ttt ee e 117

Figure 7.6: (a) SEM image of the polymer embeddegS&s(core)/PVDF (shell)

microwire/nanoshell. (b) Sizdependent coloration from the shell layers of the 170
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nm (blue), 195 nm (green) and 270 nm (nanoshells). (c) Spectroscopic bright field
reflection measurements from the three esivell structures show size dependent
interferencepeaks at 470 (blue), 520 (green) and 750 (red). Modulation in the red
spectra is due to secondary interference from the core region. (d) FDTD simulations

are in agreement with the measurements.............ccooi e, 118

Figure 7.7: Coreshell micospheres colored via the nanoshell interference.
Nonuniform shell thicknesses cause reflection of different colors. Vivid hues of any
color can be obtained via the altering the thickness of shell region. Microsphere chain
observed to colored via the sarmatfect (righ image on the top). Colored spheres

possess core diameter BRL  €..M........oooiiiiiiiiiiiie e 119

Figure 7.8: Shell size determination, an interesting application of nanoshell
interference. As each color corresponds to specific shekrtégs we can use this
feature in order to determine thicknessess of shell layer without using any complex
characterization teCHNIQUE............ooiiiiiiiii e 121

Figure 7.9Depending on core material light can be reflected from interfaces inadistin
amounts which can be used for discriminating core material composition. Three
representative refractive indices 4.5, 3.5 and 2.5 which corresponeSitAaSe

and AsSzglassegan be easily detected according to their brighntess.......... 122

Figure 8.1:Optical microscopy images of mallard neck feath&s magnification,
increases the color of the mallard feather changes from green to blue, which suggests
that iridescence is responsible for the observed color. Macroscolpi@atam is

induced by nanoscale features exist in the barbules..............c.covvieeeiiiinnnnee. 125

Figure 8.2: Crossectional and longitudinal SEM images of mallard feather barbule.
Hexagonal arrays of rods are observed to be distributed throughouiténesiole of
barbule. Melanin rods are discrete within the barbule and their lengths are in submicron

Figure 8.3: (a) Scheme representing the distribution of melanin rods embedded in the

keratin matrix. Lattice cant a n't (&) and di ameter (d)
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photonic crystals. (b) SEM image o&xagonal arrays of rods in mallard feather.
Lattice constant and diameter oberved from SEM images are around 210 nm and 170
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Figure 8.4: (a)Simulation of reflection by neck feather barbules. Lattice and rod
diameter values were measured from SEM images. (b) It is clear that a partial band
gap exists in the green portion of the spectrum. This is the cause of thecglee

observed in mallard fEATNELS. ..... ..o e 129

Figure 8.5:Experimental and simulation results of mallard feather. It is apparent that
my observations and simulation results are in good agreement. FDTD simulation is
performed formaterial parameters obtained from SEM images of mallard drake
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Figure 8.6: SEM images of fabricated nanostructures. As a result of three iterative
drawing steps lattice constants of photonic crystals reachednemoscale. In

particular SEM image represent photonic crystal that possess lattice constant of ~200

Figure 8.7: Functional biomimicry of mallard neck feathers. (a) SEM images reveal
the hexagonal distribution of PCd® inside the PVDF matrix. (b) Distinctive colors
observed under light microcopy confirm the presence of photonic crystal effects for
lattice constants around 200 nm. (c) Reflection measurementsof colored photonic
crystal structures. (d) FDTD simulationerformed for a lattice constant of 210 nm
and diameter 170 NML.......oooiiiiiiiii e eeeea e e e e e e e e eees 134

Figure 8.8: Iridescence in mimicked photonic crystal fiber. As | increase magnification
of light microscope which corresponds to increasing of angle of inmclagnt, green

colors transform into blue color as result of present phenomenon............... 135

Figure 8.9: (a) Fiber containing several hundreds of PC rods located inside a circular

zone. (b) It is demonstrated that the photonic afhyffect can be observed even with
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Figure 8.10: (a) Photonic crystals fabricated from microwires produced by nucleated
ISR. (b) These structures are also veelited for photonic crystddasedcoloration.

Figure 9.1:Absorption enhancement by-glblymer coreshell nanowires. Corshell
nanowire arrays were simulated on top of a conventional solar cell composed of a
silver back contact, an AZO layer, an amaps silicon absorbent and an ITO front
contact. Textured surface and NRM based coupling effects (dominant on the left and
right side of plot, respectively) result in enhanced absorption. TE polarization is used
for the investigation of absorption enhancemelrM polarization yields similar
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Figure 9.2: Nanostructure geometry has profound implications on the amount of
absorption enhancement. Bare and «drell nanowire geometries exhibit significant
differences irenhancement rates. Absorption enhancement values of 16.5 and 18.5%
are observed for bare and cafeell nanowires, respectively.............ccccoeiinne 144

Figure 9.3: Effect of corshell nanowire sizes on absorption enhancement,
investigated usip three nanowire diameters. Enhancement values are observed to be
around 15%, 17.5 % and 14% for 500, 600 and 700 nm structures, respectivély.
Figure 9.4: Nanostructmmediated absorption enhancement of:3& The
enharement rate is calculated to be ~24%. Both NRM scattering and textured surface

effect participate in the absorption enhancement............cccoovviiiiceeiiiccieennnn. 147

Figure 9.5: (a) Schematic used in the experiment. (b) Absorption measurement for
As;Se thin film with and without coreshell naowiresObserved enhancement is
around ~6 %. (c) Optical microscope images of coated silverfilimrms,Se; and
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Figure 9.6: As we increase thickness 02e thin film its aborption profile redhifts.
All-polymer coreshell nanowires with diameters of 600 nm induadesorption
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Figure 9.7: Contact angle measurement of (a) PVDF film and (b) nanowire array.
PVDF polymer is hydrophobic by itself due to containing fluoride. However - core
shell nanowires add two degreeroughness which are originated due to; submicron

roughness of corshell nanowires and nawroughness of PVDF shell.............. 150

Figure 9.8:Sensitivity parameters of NRM scattering. (a) Rapid shifts in scattering
spectra can bebserved by changing the refractive index of the medium surrounding
coreshell structures with core radii of 300 nm, and correspond to high sensitivity
values. (b) Sizelependent sensitivity values (left and bottom axes) plotted with

mediumdependent shitof the center wavelength (right and top axes)......... 152

Figure 9.9: Changes in nanoshell interferebased reflection values depend on the
refractive index of the surrounding medium, which may be utilized in optical sensors.
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Figure 10.1: Material dispersion is derived from material parameters8efgass
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Chapter 1

Introducion

Light-matter interactions ar@nintegral part of our life. They plagcrudal role
in many biological systemssiich asphotosynthesisvitamin D synthesisand
circadian rhytm) are responsible for mediatimgany natural phenomerfauch as
rainbow, glory and airgloy and form the basis of processes swsh lasing,
diffraction, interference, absorption, refraction and reflectiwhich are harnessed
for human convenience in sudevicesaseyeglasses, phones, sessandLEDs.
While light-matter interactions in the macroscale are -‘wh#racterized,
developments in nanotechnologave spurred the discovery of a vast number of new
light-matter interactions that can onbe observed under smaller scal@shile
electromagnetic effects are scalable across a wide size range, nanoscale structures
must be utilized for these effects tocar in the visible region of light). In addition,
nanostructures may also display a variety of unique effects by virtue of their size
alone, as quantum effects become significant at the size scales involved. As such,

nanoscale materials have received muattention in the recent decade for the



reproduction of a variety of optical phenomena in the visible range, for both
academigesearch and practical applications.

In optics, the minimum sizeat which a structure isapable of effecting the
concentratiorof light is known asthe diffraction limit[1]. In other wordslight can
only propagate through structures above a certain size limit, which is ednadil od
the propagatingvavelengthHowever, metahanostructureare capable dbreakng
this sizelimit by theconfiningthe photonsnto deepsubwavelength structurg®] via
the cluster oscillation of free electrorEhe investigation of this phenomenisnthe
study area of plasmonics and constitai@isnportant part of nanophotonid3ielectric
materals aregenerally consideregreferableto metals in optical applicatiorkie to
their higher biocompatibility, low optical losses, broad material options, eost
effectiveness and flexibilityWhile the diffractionlimit problem renders it difficult to
utilize nanostructures with dielectric compositions for optical purpabssyption by
and scattering from small particleghich result with leakymode resonancesan
bypass such issueSuchinteractiondall in the domain othe LorenzMie theory[3].

In addition, the diffractin limit can also be bypassed by usinglectric materialsin
nanostructurearrays, which behave as areffective medium [4] and can be
characterized bgffective medium model®r fabricating thermasperiodicstructures
to displaythe photonic crystakffect[5]. Likewise light can be guided insiceehigh
refractiveindex dielectricstructure at selective wavelengtigich is different from
the fiber guiding mechanisnji6]. The multiple scattering phenomenoan effect
similar to bu distinct fromphotonic crystalandindividual particle scattering7] can
also be utilized for the optical functionalization of dielectrics.

Advances in nanofabrication technigues/e resulted in the discovery of a vast
variety ofnovelopticaleffects each associated widtuniqueset ofapplication areas.
Nanomaterials displaying such unique optical phenonoamabe utilized inthe
development of novel designs and devices for such diverse purposes as the

engineering of nanoscale structures for #@hancement of light absorption



efficiency or the fabrication of larggcale nanostructure arrays exhibiting structural
coloration.Amongnanoscale materiglsanowiresandnanospherearearguablythe
most studiedonfigurationsand compris@utstandingnediafor the investigation of
light-matter interactionshaving been utilized in numerous occassions for the
practical utilization of nanoscale optical phenomgé.

Nature also plays a key role in the progress of optieascience.Photonic
structues in biological systems argenerally inthe nanosca, and may display a
diversearray ofoptical features. Photonic crystals observed in peacock fegllitkr
andthe antireflective surface [11] displayed bythe eyes ohocturnal insectare
two well-known examples ohanoscale optical phenomena in biological systems
These structures can be mimicked by usidgancedabrication techniquedl2].

Consequentlyadvances in naroptics rely orboththe investigation adbiological
structures anatonventioml materials engineering strategidsis combinationis
expected to play a key role the solution ofmany global problemsand can be
alleviate pressingenergy, food, ernvonment, communicatiorand health issues
experienced by the modern warld

Numeroudabrication techniquesxist for the production afanostructures with
zeradimensional (OD)onedimensional 1D) and/or twedimensional 2D) features.
Thin film nanostuctureq 13] can be fabricated vighysical techniquesuch asaser
ablationandelectron beam evaporatipor chemical techniquesuch aschemical
vapor deposition and sejel procesag methods Many topdown [14,15,16] and
bottomup [17,18,19] techniquesare alscknown for the fabrication of OCand 1D
nanostructures.Top-down fabrication miods for such purposesinclude
lithographic, AAO templateand electrospinning methodsvhile many chemical
technigues constitute examples of bottomup approachesfor nanostructure
fabrication Existing methods, however, are constrained by several lionsti

which include:



Alignment Nanostructureproduced by current fabrication metha@ate generally
randomly oriented and require peasinthesisprocessingA number of techniques
[20,21] have beenleveloped to overcome this problem. However, tispseialzed
methodsare oftenexpensive and cannot be applied for lasgeleproduction of
aligned nanomaterials

Material constraints Fabrication techniqueare often inapplicable to all but a
select number of material27,23], and fabrication steps frequenthequire all
material components involved thsplay a specific physical property to function.
Such material properties includeelasticity (electrospinning), selectivitiy
(lithography), chemical compatibility and/or higtemperaturestability (chemical
tecmiques).

Length andmass production Many nanofabrication methedcan produce
nanostructuresn lengthsof up to several millimeter[24]. However, the rass
production of 1D nanostructures remains a challamgieurrent fabrication methods
are generally imapable of scaling up their production output.

Uniformity and smoothnessNanofabrication techniquedrequently produce
structureswith rough or noruniform surfacegproblem[25,26]. This is especially
undesirablein light-matter interactionswhere surfacdrregularities may cause
unwantedspectral shifts or opticaberrations

Fabrication spee@nd cost Nanoscale structurese must béabricatedrapidly
and without incurring extravagant costs in order to fully integrate themselves in our
daily lives.However, some fabrication methods may require longer processing times
and many others are only useful for the production of protof}y&28,29] due to
their prohibitively expensive costs.

Nanostructurediversity As eachnanostructure arrangement is asseciavith a
number of unique phenonena, the production of noaabstructureonfigurations
is one ofthe driving factorsn nanotechnology30]. Many novel electrical, optical,

mechanical and thermal propertiean only be observed in nanoscale materials
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displaying specific shapes and arrangemehtswever, many nanofabrication
techniques are applicable for ordyselect number afancstructure, andcannot be
utilized for the production of complex nanostructure configurations

In this thesis] focus ontheinvestigation of new fabrication techniquespable
of fulfill ing therigid requirement&xpected of nanomateriasitable for utilization
in emerging optical applications. To this end, we develapeasteffective, rapid
and highthroughput togo-down approachwhich we calllterativeSize Reduction
(ISR), capable of produeng arbitrarily long, uniform, globally aligned
nanostructuref31]. | demonstrate this method to seccessful ithe fabricationof
hardto-produce glass/polymer and -giblymer ore-shell nanowiresl also show
that all-polymer photonic crystal structure and monolayer nanowo@s be
producedby modifying this approach.

Then | demonstrate a combined iterative size redueti@mmal manipulation
method by which a large diversiof indefinitely long, globally parallel, complex
nanostructure arrays with high surface uniformity and low optical variation can be
fabricated from PE®mbedded corshell AsSe-PVDF nanowires [32].
Nanosprings, nanoshealimbedded discrete nanorods and aspheres, and
nanochains are produced in succession by a hitonedescribedPlateauRayleigh
instability-mediated deformation, eventually culminating in the fragmentation of the
nanostructure array and the formation of eshell nanospheres. Structuszes,
profiles, instability wavelengths and optical properties can be modified by minor
alterations in process temperature and durafsrsuch, a greativersity of nane
configurations withhighly desirableeatures i(e., smoothness, length, uniformjty
and alignment) can be obtainég using this combined thermal nanofabrication
technique

| observe and repoa variety ofoptical phenomena that takéace infabricated
novel coreshell nanostructuresshich | engineer foseveral important applicains.

Resonant Mie scattering @&swell-known optical phenomenorand results from the
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interaction of light withsmall highi refractive index particlesand| produce and
characterize diverse set of corghell nanoschemes for structural colorbaged on
this phenomenof83]. | also observe that lowefractive index materials in a specific
size range are capable of displaying a-resonant form of Mie scatterii®4],
report for the first time that thin film interference occurs on the-sbedl interface
of micronscale glaspolymer sphere33], utilize all-polymercoreshell nanowires
to mimic the unusual photonic crystal structures observed in the head feathers of
Anas platyrhynchodraked 35], demonstrate the sensing cafiibs associated with
NRM scattering and the nanoshell interference phenomenon, show thalyatler
coreshell nanowire coatings are capable of enhancing light absorption in solar cells
via NRM scattering and the textured effd@6], and combine the imhent
nonlinearity ofchalcogenide glassegth our ability to produce nonlinear arrays of
nanowires to generate breadectrum supercontinua withigh power throughpst
[37].

This thesis is organized as follows Chapter 2| describehedetails ofa novel
fabrication techniquelterative Size Reduction (ISR), for the synthesid Dfcore
shell nanostructuresand detail the materialsutilized throughoutthe fabrication
process The fabrication mechanism glasspolymer and alpolymer coreshell
nanavires, photonic crystal and monolayer structueselaborated in this chapter.
In Chapte3, | demonstrate that ISBroduced glaspolymer nanowires are modified
into a diverse array of cohell nanostructures via PlateRayleigh instability
mediateddeformation following heat treatment, and characterize the temperature
region in which these nanoparticles are produced from-stuelt nanowiresin
Chapter4, | detailthe analytical and numerical techniques thatilized in order to
predict the behawr of light infabricatedcoreshell nanostructures. In addition, this
chapterfeaturesdetailed analytical solution®r the characterization cfcattering
from coreshell nanostructuretn Chapters, | explain theheoretical background of
the ResonantMie scatteringphenomenonand how it can beengineeed for



observation of structural coloration in the diverse drell nanoschemes. In
Chapter6, | characterize a novel, namsonant form of Mie scattering in lew
refractive index materialsnddiscusghe potentialof this phenomenoim photonics
applications In Chapter7, | prove that an analogue of the tHilm interference
phenomenon which is called nanoshell interference, occurs on tbereshell
interface of glaspolymer spheresn Chaptei8, | investigae andimitate theunusual
photonic crystal structusmbserved ilAnas platyrhynchoseckfeathes. In Chapter
9, | provide the theoretical and experimental demonstrationlight absorption
enhancement bagll-polymer coreshell nanowiresand discusssensor applications
of NRM scattering andanoshell interference phenomehaChapterl0, | present
a proofof-concept scheme for the generation of supercontinua using nanoivires
highly nonlinear chalcogenide glassasd utilize dispersion enggrring procedures
to design a nanowire array displaying higgrformance spectral broadenirig

Chapter 1, | summarizehe topics investigated throughout the course of this thesis



Chapter 2

lteratve Sze Reduabn Techmguefor

Producton of Nanostructures

2.1 lterative Size Reduction Technique

The method described in this chapter, Iterative Size Reduction {$ZRgcently
developed tolownnanofabrication technigy&1] involving the repeatededuction
of macroscopic structure sizes by a series of succasrsiweng steps. This technique
is inspired bythe Taylor wire drawiry procesg38], whichwe successfully improve
andutilize as a nanotechnology toolkit for the production of 1D nanostrestie
to the physical properties of used materials, fabricatdbmanostructuresan be
performed at r el at i vely | ow temperatures
Nanostructures are formed entirely by physical interactioesliatedorimarily by

viscosity andsurface tension.
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Figure 2.1: Photographs of acroscopic preforsx Preforms are macro prototype of
fabricatedmicro- or nanostructureshe design of preform may change depending on the
purpose of fabricatinand geometry of nanostructures

As such this methoddoes not rely onthe chemical properties omaterial
componentsand can be utilizetbr a wide range of materials.

The nanostructure produced by this approach closely matchthe initial
macrogopic preform in profile thanks to mutually compatible viscoelastic properties
of the material setused,which also preventshe structuresfrom collapsingand
resultsin the creation ofiniform nanostructures.



Amorphous materials are advantageous forntla¢ nanofabrication method
including ISR,due to their continuous glass transition temperatukessuch,the
presentop-down methodologycan be utilized to drawhalcogenide based glasses
with a variety ofpolymeric materials

The ISR procedure invobsa macroscopic preform, prepared prior to fabrication,
beingreduced to smaller scales using a ndakefication system designed for thermal
drawing.The fabrication process mayilize several iterative steps in order to obtain
therequired sizes. At thend of each step, structuaee characterizedyy electron
microscopyprior totheir usen subsequent steps.

Preforms (Figure 2.} are macroscopic structures thimrm nanostructures
following multiple elongation and size reductisteps They areconposed oftwo
or morefunctional layers. Conventional preforms consisa glassy material filling
contained by anuter polymeshell. Here, thglass serveas a functional component
andcan be selected accordingttee electrical, optical, mechanical éor thermal
propertiesrequired of themicro- or nanoscalenaterial The aiter polymersheath
provides flexibility and makethe handling of fabricated structurésasible These
preformsalsocan be produced by (a) wrapping the core and shell layeusdia
glass rod, which is subsequently removed
(b) wrapping two polymer layers (the sheath and shell regions) and a glass or
polymerbased filling material (the core region) successively around each other
(Acoamel | 0 $Hgpendimgersthegpdrposé fabricationthe sheatmegion
can be removed by etchant treatmeantl freestanding bare nanowires, ceskell
nanowires and nanotubes can be obtaihetiber cases nanostructures produced by
this methodare also very useful in number of applications. Furtélésrationsin
staring configuration {(.e. multilayered structures or structures with square,
triangular crossections)can also be utilized for nanostructure synthésidowing
their productionmacroscopic structures are heldtlve furnacdor theconsolidation

procesgo occur.Consolidation is performed under vacuum to consstectural
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Figure2.2: Homebuilt fiber tower system designed in erdo reduce sizes of macroscopic
preforms. The 2.5 ntower consists of thermally isolated double zone furnace, feeding,
capsta, thickness, and tension metgits.Furnace temperatusenaye x ceeds 300 AC
is sufficient forthe fabrication process dutothe low glass transition temperatgref the
materialautilized. A mass is hangeflom the top of the perforated preforin order toapply
mechanicaktress andacilitate thedrawing of preformwhena certainmaterial viscositys
reachedFor uniform heat treatmenthe position of preform is arranged by usitige x-y
stage. Dowrfeed and capstan speedrearrangedprior to fiber drawing. Sizs of inner
structure are controlledby alteringthe outer diameter othe fiber. Tensionis usedas a
feedbackfor the settings ofdown-feed, capstan and furnaaaits Polymer fiber thickness

is measured with a laser micrometand fiber tension by a transverse tensiometer.
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homogeneity and prevent defect formatiand sufficient timeis providedfor the
polymerlayersto fuse into a distinctive sheath region

Consolidated preforst measuring several centimeters in diameter are then
thermallydrawnin a custorrbuilt fiber tower systemThe fiber tower consist of
several importanstructural components, wiicare detailed inigure2.2 Preform
positions are fixed with a holder and, if necesseay, bechanged by &-y stage for
uniform heat treatmenPreforms are generally insert&cm into the top of the
furnaceprior to heat treatment his distance coesponds tahe position of thénot
zone ofour furnace which has an effective length of 2.5 .cAmorphous preforms
are conventionally drawn in a materggecific temperature region in which viscous
forces are balanced with an applied mechanical sfféss stres®riginated from a
load hanged to the bottom of the prefovihenthe mechanical stress (weight of
mass) exceed$e viscous force present (which decrease due to applied Hhbat)
perforated portionf the preformstretches slightlgndis cutoff. The fapered section
of the preformis wrapped around reels as describedrigure 2.2 Following the
fixation of the tapered section, tbapstan rotated in clockwise direction aubwn
feed speed valuas supplied. Here temperature, dofeed and apstan speedre
engineeed to obtain the structuresizes required without deformingthe initial
structure profileor breaking the fiberStructure sizesarecontrolled by monitoring
total fiber diameteusing a laser micrometerhe ension on the fiberantinuously
measured in order to prevent fiber rupgtur

Microstructures obtained after steégut and prepared fahe second stepf
fabrication(Figure 2.3) Composite fibers with outer diametesf several hundred
micrors are embedded in a polymer skie @ hollow preform prepared in order to
hold first step microfibers) in hexagonal arrayseVeralhundred microfibers and
redrawn to produce indefinitely long nanowire arralfse processcanbe repeated
for subsequent steps if smaller sizes are requReduction factas between 25 to

500can be obtained in each drawing step
12
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Figure2.3: Low temperature, multimaterial fiber drawing method used for the iterative size
reduction of a macroscopic lkesed rod down to nanoscale. Microstructures obtained after
the first thermal drawing step are cut in-sgale strips, arranged in hexagonal arrays of
several hundred microwires and embedded in dielectric polghesathprior to a second
drawing step. Samprocedure repeated for third or higher steps if smaller sizes required.
Kilometerlong, ordered nanowires which can be fabricated in a broad nanowire diameter
range are obtained after the second or higher steps.
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Very high reduction factoyfrowever renderthe handling and subgeent drawing
process difficult, andery small reduction factorsnderefficient fabricatiorefforts

Orderedand globally alignedhi fiber nanostructuresan be obtainedt ahe end
of designednulti-step fabrication processhese fibers display ideal characteristics
for their direct use ina diversearray ofapplications without usingostsynthesis
assemblytechniqueghat drive up fabrication costs.

This stepby-step drawing techniquallows the productiomf indefinitely long
nanostructures withspect ratisas high ad40'2 Thisfabrication method alsallows
thelargescale production dhesenanostructureswvhich are websuitedfor flexible
surface applicationdueto their outer polymer layedSR-fabricated anostratures
are highly uniform and possess smooth surfaces dubetdhermal origin of
fabrication.In addition,this technique is very cheap and rapid comgaoeother

nanofabrication techniques.

2.2 Chalcogenide Glasses and Polymeric Materials

Materialsl usein theproduction of nanostructures are amorphoussaitdblefor
described thermal drawing process due to thetihermoplastic properties.
Chalcogenide glasses halmv softening pointsand continuous glass transition
temperatures, which render ibgsible to cadraw these materials withigh
temperature engineering polymeric materials

Chalcogenide glassesin be synthesized from individual elemental components
using hightemperature furnacest prefer to use arsenic selenides{Se;) glass, in
the fabrication of glasgpolymer coreshell nanowiresTo this end As;Se; rods, 4
mm in diameter and 8 cm in length, are prepared by melting commercially bought
glasses (Amorphous Materials) in a vacus®aled quartz tube followed by water
guenching.

14



Figure 2.4: Bulk materials that are used in the fabrication of nanostructures. The black color
of As;Se;suggests a very high absorption capacity in visible wavelengths, while polymers
generally do not absorb the visible spectrum. PES and PVDF polymers bear a slight but
nonetheless visually distinguishable absorption capacity, in contrast to the highly transparent
PC material.

The weighted materials atieen placedn a quartzube under nitrogen atmosphere
in a glove box (HO, & below 0.1 ppm), whicls kept at 420C for a 2 hour under
vacuum to remove surface oxides, sealed in a giag®ule (1¢° Torr), rocked for
18 h at 600 C and quenched in iced water prior to Us&Se;rods display a bright
blackcolor (Figure 2.4).

Polymeric materials are commercially providedAygdium Inc. | frequently use
polyvinylidenefluoride (PVDF), polycarbonate (PCand polyethersulfone (PES)
polymers in the fabrication of nanostructur€@mmerciallypoughtPVDF and PC
polymer films used in our fabrication efforts have film thickness&&6) nand50

O mrespectively, whilES films are available @250 mand1000 m t nedses.k
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Due to lack of absorption in the visible region, all polymers are observed to be
almost fuly transparent. PES and PVDF polymers absorb slightly in the visible
region, which accounts for their fawn colors and in contrast PC polymers are highly
transparent and possess whitish colors (Figure 2.4). All polymer and glass rod
componentsvere cleanegvith methanol and kept in vacuum ovanl40 C at least
one daybefore their usen fabrication in order to prevent swelling.

Glass transition temperature of arsenic seleisigheeasured to beround 190C
by dfferential scanning calorimetrywhile PC and PES hae glass transition
temperatureof 1 8 0 andl 0A Crespectively, anBVDFis observed to transition
at 1.7TBesefp@ameters are considered during the selection of material sets. Our
focus is on the fabrication of ceshell structures, wbh necessitate the use of at
least three thermally compatible materials. Arsenic selenide rods, which are used as
coremat erials, can only be embedded inside P
temperatures. PVDF and PC can be used as shell aisitdue to their lower
transition and melting temperatures; which are slightly lower than the than glass
transition temperature of ASe; glass. In addition, PC/PVDF and PES/PVDF can be
drawn together for nanostructure fabrication as long as PVDF isdtilizthe inner
sections. It should also be noted that PC and PES are easily etched by
dichloromethane (DCM), which is utilized in the acquisition of fs&nding micre
and nanostructures. In contrast, PVDF andS&srods are highly resistant to this
sdvent. As suchl preferred PVDF polymer as a shell layer in all fabrication designs.

The optical features of fabrication components should also be considered in order
to facilitate the simulation of their optical features and to obtain an effective

agreenent between theoretical and experimental investigations.
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Figure 2.5: Optical properties of chalcogenide glass e, and piezoelectric polymer
PVDF.Optical constants of arsenic selenide {®e) and PVIF polymer were measured by
spectroscopic ellipsometry. #&%e; is a highrefractive index material, which enables the
confinement of light for Mie resonances in very small dimensions. Thin film interference is
also facilitated by AsSe;, regarding the higimdex difference between the core and the shell.
PVDF, on the other hand is a convenient material for-sbedi nanostructure applications,
because it has a low refractive index and virtually no absorption in visible wavelengths.

| chooseAszSe; asthefilling (or corg material in the fabrication of glag®lymer
coreshell nanostructures?rior to experimentatiorthe optical constants of bulk
arsenic selenide materialere measuredA V-Vase ellipsometers used inthe
determination othe(n,k) paraneters of AsSe;, which is found tgpossesanaverage
refractive index of 3.25 (3.48.00) and high absorption throughout the visible

spectrum(Figure 2.5) Measured datss fitted to the Lorentz model
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Figure 2.6; Optical properties of polymeric fabrication components, PES and PC,
investigated by ellipsometry. PC, which is used as a core polymerpolather coreshell
nanowire fabrication, possesses an average refractive index of 1.58, while PEgsdaspl
higher average optical index of 1.65. Neither polymer displays significant absorption in the
visible spectrum.

As;Se; is anoptically suitablemateria) especially inthe observation of resonant
Mie scatteringoased effects, due to its high retrae indices It also possesses one
of the known highesbptical nonlinearityindicesamongnonlinearmaterials. This
renders it highly advantageot@ nonlinear photonics applicationgoreover, the
high absorptioncapacity ofAs;Se; in the visible spectm can beutilized for
applications where absorpti@mhancement iequired

| usePVDF polymeras a shell layedue to itsresistivity into DCM It alsohas
exceptionabpticalfeatures that utilize during the implementation of theoretically

predictedresults Its low refractive index and lack of absorption maitesspecially
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suitable for nanoshell interferenobservationslt also has useful surface properties
that can be used for increasing hydrophobjagpeciallyin solar cell applications.
Optical constantsof the PVDF polymer is alsaletermined bya V-VASE
ellipsometerlts refractive indexdoes not change significantly, and hasasarage
value around 1.4(Figure 2.5)

In the fabricatiorof all-polymer structurg(i.e. all-polymer nanowirephotonic
crystal structure and monolayer nanowiresitilize PC as a core layer due its
lower refractiveindex and high transparendyFigure 2.6) The auter polymer is
chosen a®C, whichserves as a sacrificial layer and can be easily removed if free
standing nanostructureserequired.

PES is used as a holding layer durihg multistep fabrication of glagsolymer
nanostructures, and is also used as a componenpaflgther coreshell nanowires
Free standing nanostructures can be obtained bingtthis layerEllipsometric data
demonstrate that this polymer bearsamarage refractive index of 1.65 adidplays
little to noabsorption in the visible spectrufirigure 2.6) Optical properties of in
fiber ASe; nanostructures are not significandffected by PES sheath due to the

high refractive index contrast between these two materials.

2.3 Fabrication oGlassPolymerCore Shell Nanowires

Glasspolymer coreshell nanowires are very useful nasthemes in various
nanophotonics applications 10439]. However, the production of these
nanostructures is generally problematic, amdn successful fabrication efforts are
limited by small batch sizesconstraints in material choice and namformity

issues
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Preform Core-shell microwire  Core-shell nanowire array

_ Shell ; 1
thickness 1 mm 15 um 250-15 nm
_ Core , 1
diameter 4 'mm 60 um 900-60 nm
Total T 1
length 15 cm 200 m 72 km

Figure 2.7. Fabrication of glasspolymer coreshell nanowires Low temperature,
multimaterial fiber drawing methad used for the iterative size reduction of a macroscopic
layered rod down to corghell nanowires. Mirostructures obtained after the first thermal
drawing step are cut in 10 cm strips, arranged in hexagonal arrays of 360 microwires and
embedded in dielectric PES prior to a second drawing step. Kilotoeggr ordered
As;Sey/PVDF coreshell nanowires arebtained after the second step and can be fabricated
in a broad nanowire diameter range (50-1®00nN).
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Figure2.8: Preforms that were used in the fabrication of gfasgmer coreshell nanowires.
(a) Sep I and (b) step Il preforms contain single and 360 fibers respectively. Fabrication of
arbitrarily long micre and nanostructures were accomplished after two iterative steps.

| use ISR for the successful production indefindielyg, uniform coreshell
nanowire arrays in a broad diameter range, which can be altered by effecting minor
changes on the reduction factor during fabricatiorarder to obtain glasgolymer
coreshell nanowires macroscopic preforsy are preparedrom a macroscopic
As>Se; glass rod with diameter of 4 mm and length of 15 cm, wrapped in a PVDF
polymer sheet of 1 mm thickness, and consolidated in a PES jacket, with total
preform diameter of 25 mm.
For consolidationthemacroscopic preformisni t i al |y kept in a T=
2 h, and the temperature is subsequently increaisadate o2 A C/ BEOAC t o
Preforms are then retained at this maximum tempergiute 20 min.

21



Figure2.9: SEM images of step | and stediliers. Crosssectional images of (a) step | and

(b) step Il fibersare obtained by a low temperature, multimaterial fiber drawing method.
Freestanding nanostructures obtained by etching the PES sheath by DCM prior to SEM
imaging. Longitudinal images of) step | and (d) step Il micrand nanostructures are also
provided.
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Thermal drawing othe resultingpreform is carried out by controlling tension,
temperature, feeth, and drawing speed in a custdmiilt fiber tower optimized for
nanowire productin. Temperatusefluctuatebetweer2 70 A C Agbdtar@ 9 0
mainly keptstableat 270A Cduring the drawing procesafter thefirst drawing
step6 0 ¢ Bemiscr owi res with a 15 em PVDF shell
of 4 (dal tkicknessre obtaned(Figure 2.7a)

Following the first step of synthesi860 pieces of 15 cm lorggep Ifibersare
cut,embedded in a PES jacket, and consolidatedseond drawing stepAfter the
second thermal drawing@rigure 2.7b)core shell nanowires the dianeter rangef
50 nm- 1000nm are obtainedPrecise diameters can belsgtltering the reduction
factor. By repeating this procedure fatthird time, the production ofcoreshell
nanowires with diametergp to 14 nmareachieved

Arbitrarily long and ay desired sizes ofmicro- and nanostructures can be
following two iterative drawing step3his capacityis demonstrate@dy producing
100 m of microwires with an outer diameter
2.8a), andrepresentativ20 m PESenmbedded corshell nanowires with a core
diameter of ~700 nm using two thermal drawing steps (Figure 2.8b).

Characterizationsf nanostructures are performed ®yanning ElectronSEM)
and Tunneling Electron Microscopies (TENDCM (Carlo Erba) is utilied to etch
the PES sheath covering the cstell nanostructure arrays and expose the structures
for imaging. Briefly, PESembedded nanostructure arrays are placed on a glass
substrate, and the PES layer is etched by DCM-dagp directly onto the surface
The exposed nanostructures are rinsed gently with DCM to remove residual polymer.
PVDF shells of coreshell nanostructures are highly resistant to DCM etching, and

are not damaged during the nanostructure extraction process. SEM imaging reveals
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Figure2.10: () A polymerembedded nanowire array rolled around a pencil truly sjpens
macroscopic and nanoscale worlds. Gsesstional SEM micrographs from both sides of a
10-m-long polymer fibeicontaininghundreds ofAs,;Sei PVDF coré shell nanowires prove
that nanowire arrays are axially uniform to less than 1% for macroscopic disthhetgh-
precision hexagonal packing of cosell nanowires in the polymer matrix) Radial size
distribution of the naowires, shown as a histogram, is uniform with a standard deviation of
6.5%.
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Figure2.11: Kilometerlong nanowiresan be producedith any diametewithin the 100
¢ mLO nmrangewhile preserving ordered geomets,Sei PVDF coré shell nanowires
scale regularlgymfrom 200 em to 14
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thatfiber uniformity is preserved in both steprid step Ibtructures (Figure 2.9c.d)
Particularly in step ll(Figure 2.9b) thdabricated coreshell nanostructures also
possess longange hexagonal alignment and high cresstional uniformity, which
further increases their utility in optical application€oreshell ratios of
nanostructuresemain approximatelydentical at the end of eackrawing step
(Figure 2.9a)

Largearea arrays can be obtained for nanowires, anfdramiproduction of an
each sizecan be accomplished kihie optimization ofprocess parameterBES
embedded nanowires do not compromise thetiral integrity of the nanofiber, and
indefinitely long arrays can be produced (kig2.10a).

Crosssectioral SEM imagef arbitrarily longin-fiber nanowires demonstrate
that fabricated nanostructures displayphase aligment in globally parallel
hexagonalnanostructure arrayand preserve their uniformity both axially and
radially (Figure 2.10a,b)Radial size distribution of the nanowires, shown as a
histogram(Figure 2.10c¢) is uniform with a standard deviation of 6.5%ndaxial
uniformity is less than 1% for macroscopic distances.

Described fabrication technique is also scalakderossdifferent coreshell
structure sizesA broad ange ofsizescan befabricatedfrom macroscale structures
while preserving corshell ratio and integrity throdngut the fiberin Figure2.11,it
is demonstrateé that structurediametes can berangefrom 200 m 14 pm using
three subsequent fabrication steptep |, step Il and step lll fibers are cut with an
ultramicrotome prior to imagingSamples are embedded inside rdsirincrease
cutting accuracy. Images of higher structure diameters are obtain8&Mawhile
TEM is used in order to obtain cressctional images of nanowires with diameters

as small as 14 nm.
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2.4 Fabrication of AHPolymer CoreShell Nanowires

In photonics, plymer nanowiresare considered exceptiondlie to their low
refractive indices and wide range of material choieksvever, while nethods used
for the fabrication of polymer nanostructures, including ion etch#@j, laser
irradiation [41], template wetting procesgt2], electrospinning[43], solution
chemistry[44] and naolithographyj45] may bepowerfuland versatile, a wide range
of issues are nonetheless associated with current production .eFortglevice
applications onglimensional polymer nanostructures are required to be sufficiently
long, uniform and weHordera, which is difficult to achieve byonventional
fabrication techniques. In théection,| describe the production afl-polymer core
shell nanowires bthe use othermal drawing technique. Owgmensional polymer
nanostructures are obtained with wadhtrolledand consistent sizes, morphologies
andextremely high (up ta0*) aspectatiosby using this toglownnanofabrication
approach.

Polymer peforms are preparedby wrapping a 4 mnTeflon-coated glass tube
with 6 mm thickness of PC filmyith the latter actingasthe core region.Teflon
makesthe physicakxtraction oftheglass tube possiblevenafter theconsolidation
processPVDF, which serveas shell layens then wrapped around the PC layer to
athicknessf 4 mm PCwas again utilized as sheathandwrapped around the core
shell structure tcan overall diameter of 36 mm. Tlwmplete preform, which
measure@0 cmin length,was kept immconsolidator fothe fusiorof wrappedayers
under a vacuum of 10Torr. For consolidation, macrospic preform is kepat T=
140 AC ftemperatures were subsequeimigreasedit arateo? A C/ mi n
1 8 6, ardtbe preform was held at this temperatiaret= 40 min.Theconsolidated
preform is thermally drawn in our fiber tower systahT=260 A GFigure 2.12a)

t

o

Mi crostructur es wisandexie6ded leBgins areobtained dfter me t e r

first step fabricatiorfFigure 2.13a)
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Figure2.12: Macroscopic preforms dh) step | andb) step | used in the fabrication of all
polymer coreshell nanowiresAt the end of second fabrication stepchieve the production
of kilometer long fibers composed of ~500 -pdilymer nanowires arranged in a
nanostructure array.

Around 500 of these miofibers are cut in 20 cm length, placedhollow PC
preform(Figure 2.12bpand subjected to a second drawing step to procuesshell
nanowireswith core diametersp to 200 nm(Figure 2.13b) The overall reduction
factor at the end dhetwo drawingsteps is 18. SEM images ofthe outputs ofthe
first and second fabrication stegre shown irdemonstrated in Figur 13-f, with
bothcrosssectional and longitudinal vievCoreshell ratios opolymer nanowires
do not significantly change by followirthermal drawing

Fabricated 1D polymer nanowires are sdined,uniform and suitable forin-
fiber applications.
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Figure 2.13: Iterative size reduction method used to fabricate all polymer-siuet

nanostructures. (a) At the end of first step, esré e | | structures with the
diametersareobtained. (b)A secand drawingstepis performedusing step | microwires to
producecoreshell nanostructuredisplayinga broad size range of 200 nm. Cross

secitonal and longitudinal SEM images of (stdp land (e,f)step Il fibers display that ISR

can be utilized for the production of welldered nanowire arrays in macroscale lengths
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Theycan also be utilized fdtexible surface apptiations due to their size scale and
polymer composition. Ondimensional nanostructures with metal, semiconductor or
even some polyme@ompositions have raisesvironmental and health concethse
to their toxicities All-polymer, PVDF/PC, corshell nanavires however, bypass
these issues, as their material componargsa&vironmentally friendly and FDA
approvedor use in humans. As such, these nanostructures are pigimysing for
usein biological applications.

High-density ofnanowire array$46] canalso beaccessible byhe use of gpost
processing stemvolving the etching of the PC sheaths of step Il and Il fibers to
facilitate the assembly of coshell polymer nanowires into ulttdgh density

arrays

2.5 Fabrication of AHPolymer Photoic Crystal Structure

Photonic crystals are periodic structures commonly used in the manipulation the
light interactions, as they are responsible for the creation of bands andgdzsd
similar to electrorinduced band diagrams observed in semicondudtaientional
defects can also be included in photonic crystal designs in order to trap or guide
photons. While photonic crystals can be designed in 1D, 2D and 3D arrangements,
herel concentrate on the production of 2D photonic crystals.

It is demonstrateé that describedfabrication scheme can be utilized for the
production of photonic crystals by initating an unusual 2D photonic crystal structure
observed in the head feathersAofas platyrhynchodrakes. This structure consists

of high refractive index m embedded in a shell structure with a lower refractive
index. This arrangement is different from commonly used 2D photonic crystal
designs, whichutilize either an array of rods interspersed withfiled gaps, or a

series of holes in a material matrix.
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Figure2.14: Preform preparationof step | fiber is similar to step | of gholymer coreshell
nanowiresHowever, gep Ildesignexhibitsignificant differencesuch as,ectangular cross
sectiondesignand extraction ofouter sheatlof step | fibersprior to insertion into step Il
preform Around 8 rowand 80 column of step | fiber can be inserted into rectangular hole.

The first step of photonic crystal fabrication is identical to the first sfegl-
polymer coreshell nanowire fabrication. An alternatiway ofstep Ifabricationfor
all-polymer coreshell structures is rely on using polymer rod instead of rolling
polymer film on glassube To this endpre-obtained hollowbarePC preform with
30 mm diameteis usedn order to fabricate PC roHlollow structurds cutinto four
equal piece and quarteis usedfor the rod fabrication. PC piece tailored into
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cylindrical rod with the diameter of 10 mm using turning machine. Later this polymer
rodis used in preform preparati@s a filling or core zone

PVDF polymeris directly rolled on this rod till the diameter of 12 mmached
As an outer layer PC with 4 mm thickneéseased It is keptin consolidator in 10 min
at T= 185for further fusingof added layersFirst step fabrication performed in
T=224 AC in fiber tower syst ésohtainédiaber s
a result of fabrication. Unlike previous fabrications hestip outer PC layer easily
by taking advantage of neadhesve layer of PVDF and outer PC fil(frigure 2.15a,

b). This is important becauseis aimedto obtain PVDF embedded PC roalsd
renderthemas aphotonic crystalsTo this end, around 500 of them with 4 cm length
cut and inserted into unusual designedqra.

This preform possesses rectangular esesgionwhich is harnessed to mimic
configuration exists in thenallard featherThis provides maximization of aspect
ratio which is critical in coloration of livings. Preform with rectangular hele
prepard by rolling PC films around bare glass substrate withdthmeensionsof 20
mm-1.5 mm7 cm Outer diameters aftehe rolling is 35 mm in width and 15 mm
in thickness.

Resulting structure later kept in furnace for consolidation protts® heating
timeis extendedh order to obtain preform that is inner size takes the shape of quartz
glass substrate. Hence after removal of this glass by using % 48 HF perfect
rectangular holes obtainedCrosssectioral andlongitudinal images ahacroscopic
preform usel in step Il fabrication iddemonstrated in Figur@.14a and 2.14b
respectively

Photographmagesof preforns are also takeprior to Figure2.14c) and after
(Figure2.14d) the second step drawing of 500 step | nanowires arranged inside a PC
sheathFind preformis used in second stepermal drawindgor the temperature of
230 AC and ot h(ercapptanapdedowieed sgeed) im theshome

made fiber tower system.
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Figure2.15: Schematics fofabrication of aHpolymer photonic crystal structure. First step
can be obtained either by rolling polymer films around quartz tube or starting from rod.
Second step fabrication slightly different from previous ones. Here rectangulasectiss

used n order to increase aspect ratio. Prior to second step fabrication outer layerlof step
fibers removed. At the end of stdpPVDF embedded PC microwires are fabricated which
possess lattice constant of several microns. Using step Il by repeatingastéstep I
procedures lattice constant reduced down tc3@Dnm as required.
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Fabricationis designed to result fibers withuter size ofL..5 mm to facilitate further
sizereduction of structure in subsequent sfidprd step preform is similar to schem
used in step Il but contains single step Il structure. By performing step Il fabrication
nanoscale lattice constardre reached

Crosssectional SEM images of step | and step Il fibers reveals potential of used
size reduction technique. Step | fib@figure 2.15c) possesses superior Gross
sectional regularity which also preserves it throughout the fiber. In step Il fibers
(Figure 2.15d) array of nanowires which preserves initial structure poafilebe
observed from their crossections Crosssectinal SEM images of step lll fibers is

demonstrated in Chapter 8.

2.6 Fabrication of Monolayer Nanowires

Single layer freestanding nanostructures bear a significant practical importance in
optical applications. Much effort has been expanded in orderttonolmonolayer
nanostructures from pr@btained random structures by usimggsynthesis assembly
techniques 20] such as magnetic and electric induced methods. However, all such
methods are expensive and their implementasdaifficult for largescale and high
throughput applications. There exist ssdsembly methods which can be used for this
purpose even they are suffer from uncontrolled fabrication and alignment issues.

In this section, two different approazhare prposedn order to fabricate highly
parallel nanowireslt is demonstrate that it is possible to fabricate highly uniform
almost monolayer parallel arrays of caeteell naneplatforms either using shell
embedded nanowire scheme fabricat{bigure 2.13a,b or simply etching step II

nanowires in order to obtain selfigned nanowire arrays.
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2.6.1First Approach

Fabricationmethodologyof monolayer nanowires is similar to photonic crystal
structure fabricatioapproachFirst steps obtainedoy repeatingprocedureslescribed
in stepl fabricationof all-polymer photonic crystal fabricatioh is also demonstrated
that it is possible to fabricate single layer structures starting from rolling process
instead of using PC rod. In fabrication of step Il fipgremonolayerl00 microfibers
with 240 & m aveunsetedinside ai pneparedrpreform witharrow
rectangularentrance that prevent overlapping of inserted structures (FjLée)
Preparation of preform is same with step Il of photonic crystal fabrication. Only
differenceis dimensions of glass substrate used in order to form inner profile. Here
glass substrate which possesses dimensid#soimn-0.8 mm-7 cmis usedThen glass
substratés removedyy using % 48 HF as requirdekior to insertiorof prepared step
I microstucturesl removed outer P®y repeating procedwselescribed in photonic
crystal fabrication. Macroscopic preformused in second step fabrication is
demonstrated in Figurd16a,b. It possesses very high aspect ratio of 30:1 which is
designed in order tmaximize surface area of final nanostructure a®eag of stegdl
fibers arereduce 20-fold (Figure 216d) Highly-ordered fiber embedded monolayer
microstructures obtained as a result of this fabrication Bileer drawing temperature
is adequately lgh to melt PVDF shell. Therefore at the end of second fabrication step
shell layer soften and create an embedding matrix for PC wWingskness oPVDF
layer on PC wiresis very smalland does not prevent applicability of fabricated
structures in opticalapplications. Surface of PVDF shell also possesses to
nanoroughnesséBigure 2.17 c,d)

Step lll is performedin order toredue sizes further and reach desirdidmeter
range of 506/00 nmnanowireeembedded in a PVDF nanoshé@lhese structures are

aimal to use in absorption enhancement applications.
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Figure2.16. Crosssection of gep Il preform of monolayer structures has very high aspect
ratio (30:1)which is utilizedin order to maximize numbei adjacent nanowires and permit
for only single layer of structures to insert.
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Figure2.17: Schematics for fabrication of gllolymer monolayer structures. First step can
be obtained either by foig polymer films around quartz tube or starting from rod. Second
step fabrication relies on insertion of uniform 100 microfibers with 240 micron outer
diameter into preform with rectangular cressction. Prior to second step fabrication
holding polymerof step | fibers removed to permit fabrication of PVDF embedded PC
microwires.By using step lll, diameters of embedded structures are redyteds00nm.
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2.6.2Second Aproach

Conventional stepl or higher step fibersan also be usefthexagonal aay of
nanowires inside cylindrical fiber) in order to obtain almost single layer structures.
Crosssectional images of step Il fibers reveals that nanowires are hexagonally
located inside the fiber (Figure 2.9b). Astched outer polymer of fiber, nanowi
array selfaligned into assembly of highly parallel and almost single layer structures.

Separation between nanostructures significantly prevents overlapping cases. Non
adhesive feature of PVDF polymer is another advantageous factor in formation of
single layer structures particularly used glasgolymer coreshell nanowires for this
purpose. Step Il fibers are fixed from two edge prior to etching. Then by dropping
DCM outside polymewas precisely removedhisDCM-etched nanowires readily

assemblento monolayers on glass sackes(Figure 2.18) suggesting thawithout

thepostprocessing step monolayer nanowires can be obtained.

Figure2.18: Stepll fibers contain globally aligned 360 nanowiresdiesit. Highly ordered
singlelayercoreshell nanowirarrayis obtained after removing outer PES polymer of fiber
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By using this feature we can cover largeea surfaces just by etching out
holding polymer. Particularly in Figure 2.18 it was demonsttateveral hundred
micron lenghsnanowirescover the glass substrate surface without the overlapping
errors. Overlapping cases can be overcome by applying stress from tvetchexd
edges of step Il fibers. This works especially irpalymer coreshell nanowires

due to higler elasticity of polymer materials.
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Chapter 3

Producton of ComplexNanostructures

3.1 Thermal Instabilitylechnique

The dynamics of spherical structure formatiohéattreatedobolymerglass core
shell strectureshave previously been investigated in detail and demonstrated to be
mediated byPlateauRayleighinstabiliieg47], which depend strongly on the surface
tension and viscoelastic properties of the core shelregiors. However, while the
mechanismsnderlying nanosphere productitmom polymerglass nanowirekave
been investigated in detailp evidence was so far provided on whether the affect
questioncould extend to other coshell materials, anthe production of more
complex nanostructurese yet to belemonstratedly this procesd-erel describe
a combined iterative size reductidmermal manipulation method by which a large
diversity of indefinitely long, globally parallel, complex nanostructure arrays with
high surface uniformity and Vo optical variation can be fabricated from RES
embedded corshell A3Se-PVDF nanowiresand provide evidence thBlateau
Rayleighinstabilities are responsible for the successive transition between different
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nanostructure configurationslanosprings, neoshellembedded discrete nanorods
and nanospheres, and nanochains are produced in succession by a- hitherto
undescribed, PlateauRayleigh instability-mediated deformation, eventually
culminating in the fragmentation of the nanostructure array and the tfont
coreshell nanospheres. Structure sizes, profiles, instability wavelengths and optical
properties can be modified by minor alterations in process temperature and duration.
Optical applications of corghell nanostructures are also demonstratetidxyrétical
calculations and Mie scattering experiments on large area nanoarrays designed for
structural coloration(Chapter 5) Precise, lowcost, highthroughput thermal
engineering of iffiber hierarchical nanoparticle structures is promising for a wide
range of applicationsvhich are detailed throughout the length of this chapter

The effect of PlateauRayleigh instabilities on the nanowireanosphere
conversion was initially demonstrated on a polyglass coreshell matrix [36].
While glasspolymer @sopposed to polymeglass)nanowiresare utilized in my
fabrication schemesimilarities in fragmentation conditions suggest tiia¢
transitory spectrum observed my demonstrations is also caused by Plateau
Rayleigh instabilities. This spectrum exigtsa critical temperature range at which
the Asofto coreicamrcomadirlay neaf drymtared Aihar
and it is likely that the surface tension stress between the core and shell regions is
the driving force behind the formation dfet distinctive structures observéithis
stress is caused by differences in the rates at whichigbesities of the core and
shell regions decrease with increasing protesgperaturs anddeformations start
to occurwhenthe surface tensiom the coreshell interfaceexceeds certain limit
Higher temperatures are capable of altering the strigobfiteoth regions insidéhe
PES matrix, leading to the production of nanochains andstwk nanospheres.
However, further theoretical insight is required fully elucidate thegoverning
dynamics of the intermediate nanostructures obtained via the fabrication method
describedn this chapter
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| had previously described a nanofabrication method, ISR, wherdwspp
reduction is utilized to decrease stiwre dimensions from macrto nanosizes and
produce 1D corshell nanostructures highly suitable for use in optical applications
(Chapter 2]48]. While ISR is conventionally limited to the production of nanowires,
this constraint has recently been ovenedoy utilizingPlateauRayleighinstabilities
to thermally degrade ISBroduced nanowire arrays. However, while the fabrication
of spherical structuregl9] was demonstrated using ISR and thermal degradation,
more complex architectures have yet to be exeasing this combination.

In this chapterl report the presence of a transitory region where a diverse array
of nanostructures is produced from glaséymer coreshell nanowires during the
progress of a combined IStRermal instability technique. Nanogpgs, nanowire
embedded discrete nanorods and nanospheres, and nanochains can be fabricated in
succession by halting the thermal degradation process prior tglualtenanosphere
formation(Figure 3.1) While the production adimilar dielectric structuas has been
accomplished by pyrolysis of polymeric precurss§], thermal annealing of
catalyst decorated glass powdg¢kl], templatedirected approachegb?], self
assembly method§53,54,55,56], and electrospinning57], the present method
avoids previous isges involving limited control over separation distance,
uniformity, alignment and/or length, and is capable of producing a diverse array of
coreshell nanoarchitectures in a single fabrication scheme by relying on minor
alterations in process temperatwestvitch between nanostructure configurations.

The fabricated structures are highly uniform, closely match the initial nanowire
in profile and can be produced from nanowires of arbitrary lengths and thicknesses;
final particle sizes can also be controlledy altering the nanowi
dimensions or physically restraining it during the thermal contraction process. In
addition, the process is easy to perform, rapid, cost effective and applicable on a wide

spectrum of materials, requires relatively levhper at ur es (approx. 30
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Figure 3.1: Novel nanoschemeproducedby structural changes in a nanowire array
subjected to heat treatment. Thermal compatibility of chalcogenide glass, PES and PVDF
polymess permit the production of different combinations of nanostructures. Gradual
increases in temperature result in structural alterations in the nanowire, up to and including

the fragmentation of the core region. The structural transition can be haltedpatim@iny

obtain the desired nanomaterial configuration. Versatile nanostructures can be obtained by
using a suitable combination of temperature, initial nanowire diameter and process duration.

The transformation and breakup process is based onthe inatesia p hy si c al

as viscosity and surface tension.

43

par amet



maximum), allows precise control of nanostructure geomekngs not rely on
chemical properties and can be upscaled as required.

Fabrication of hierarchical nanostructures can be accehgali by subjecting
previously fabricated corshell nanowireso heat treatment. Any conventional
furnacecan be used for heatinthough auniform heat distributions requiredto
reduce potential fluctuations in natucturedimensionsIn addition,the heating
apparatus should be capable of reaching temperatures exceeding the glass transition
temperatures of the nanowire compone8@@E50A G my experiments)Prior to
heat treatment, PE@&mbedded corshell nanowire arraysan bewrapped around a
glass tube or placed as is on a glass substratepmitithout edge restriction.

Edge restriction fixes the macroscopic structure and prevents the thermal
contraction of the fiber during heat treatment, resulting in fabricated structures
bearing diametersimilar to that of the original nanowire. Larger nanostructure
di ameters can be obtained by restricting v
thermal contraction, or by using freeanding fibers. Heated fibers deform into
nanospringssheltembeded discrete rodshellembedded sphergsgmnochains and
coreshell nanospheres with increasing temperatuseseral measurements were
performed to investigate the effects of heating time and nanowire thickness on final
nanostructure dimensions, as weB & optimize the production of specific

nanostructure arrays féixed heating tims and nanowire thickness
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3.2 Fabrication of Nanosprings

Coreshell nanowires are heatodified to obtain a great diversity of hierarchical
nanostructures, mediatéy the mutually compatible viscoelastic properties of the
As;Se; glass core, PVDF polymer shell and PES matrix sheath. Heat treatment
induces the transition of the cesbell nanowire into nanosprings at temperatures
just above the glass transition tengdare of arsenic selenide. Controlled synthesis
of nanospringsis achieved by altering the nanowire diameter (d), process
temperature (T) and/or process duration (t) within the transitory range, which
typically occurs inthe ~268 1 0 AC r egi m@andfl e B0 nm ard is2 mi
increased for lower exposure timesy220-230 A £~10 sec and d = 90 nm) and
higher nanowire diameterg.§.~220-230 A€ 2 min and d = 200 nm). SEM
images(Figure3.2b,d)reveal that larg@rea uniform corshell nanosprgs can be
fabricated from corshell nanowiregFigure 3.2a,c)following the optimization of
procesgsemperature anduration

Coreshell nanosprings with specificitgh sizes, periodicites and spring
diametes can be engineered by changing process iiond and initial nanowire
dimensionsAs the production of uniform and smooth nanosprings with versatile
optical, mechanical and electrical propertiecrigical for the characterization of
light-material interactios, the thermal drawing method desedhbn the present work
is potentially able to answer a large host of problems inherent in nanoscaleloptics.
particular,in-fiber nanosprings may be utilized to great effect in photonic topological
insulators[58] and photonic metamaterialg59], while free-standing nanospring
arrays may find applications in enhanced catalytic convgi®fsSERS substrates
[6]], artificial olfaction [62], energy storagg63], and the manipulation of
viscoelasticity 64] and thermal conductivit}5] in polymers.
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Core-shell Nanowire Nanosprings

Figure3.2: Fabrication of coreshell nanospringsan be accomplished by applying heat on

a nanowire array. Gradual increases in temperature result in structural alterations in the
nanowire, including the deformation tife core regiorand the consequent production of
helical nanostructure®itch sizes and periods can bmanipulatedy alteringtemperature,

initial nanowire diameter and process duration.
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3.3 Fabrication of Nanoshell Embedded Rods

Temperaturesabove the coreshell nanospringissociatedregion trigger the
production ofshellembedded discrete rodBy now, thecore of the corehell
nanowirehasfragmented into welseparated rods inside the polymer nanoshsill
the surface tension in the cesbellinterface overcomes the viscosity of the core
region and triggers the development of core instabilities until the nanowire core
breaks into a series of discrete rod&is configuration can be obtained in the
temperature range of ~22 0 AC f o randtd ==90 @nthougmthe
temperatureequireddecreases with longer process durations and smaller nanowire
diameters SEM image of this scheme demonstrate tHatgearea and uniform
(Figure3.3) production ofshell embedded discrete rackEn be accompdhed by the
present fabrication method, artie structures in question retain the thickness and
profile of theinitial nanowirearray As thePVDF shell and AsSe;core are thermally
compatible, thdreaking processccurswithout deformingheshell regon.

In-fiber fabrication of discrete rods readily eliminates alignment issues associated
with other fabrication methods, which is crucial for plasmonics applications
(especially in metallic structures). Nanorod lengths seghratiordistancesan be
engneeredfor specific applications by optimizing initial nanowimdiameter,
temperature angrocess duratianin-fiber production of discrete nanorod arrays
within a PVDF shell and PES matrix could provide many opportunities in nanoscale
optics, including ptential applications adielectric antenra[66], high brightness

LEDs [67], gas sensor$B] and hybrid nanowirgpolymer solar cellsd9].
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Embedded Nanorods

Core-shell Nanowire

Figure3.3: Fabrication of shelembedded nanorodsurther heatig of coreshell nanavires

(e.g.t02 1 5 foAtG 2 min and d

= 90 nnresults in theragmentationof the arsenic

selenidecoreinto discreterods inside the PVDF nanoshell.
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3.4 Fabrication of Nanoshell Embedded Spkere

Nanorod lengths decrease witligher temperatures, and core fragmentation
eventually culminates in the production of sketibedded nanospheres. As with
shellembedded rods, this configuration is characterized by a series of nanostructures
occurring at regular intervals within the polgr shell,which are produced the
temperature range of ~2254 0 AC for t = 2Aswil discreteend d
nanorodsinitial nanowirediametes, processluration and the temperatucan be
alteredfor thefabrication ofnanosphere arrays of vargisizesembedded inside the
shellregion Again thermal nstabilitymediated deformatioranly actuponthecore
regionandthe shell remains unaltered throughout the nanosphere formation process
though higher surface tensions are required to overcomiméitial viscous forces
and facilitate the conversion of nanorods into nanosph&trése temperature ranges
necessary for sheimbedded nanosphere formation, BteS regiorstill remains
solid andis not subject to deformatiofowever, it isnecessarto utilize a thick
layerof PES in order to kegppe region surrounding the core highly viscous, as core
deformation may otherwise damage the shell and sheath regionduring
nanastructure formation.

Largearea images of this configuration are giveniguFe 3.4, and demonstrate
thatthe present method is suitable for the fabrication of nanosized arrays ef shell
embedded spheres within a PES fiber. Figure 3.4d in particular displays shell
embedded spheres with diameters around 250 nm. In addition, S&fdgnaphs
suggest that nanosphere arrays displayifaum distribution angreserveaheprofile
of the initial nanowire However, an increase in nanostructure diameters is also
observed during nanowkmanosphere conversion, possibly due to the concemtrat
of core mass into a series of welparated nanospherdisis also notable that the
As;Se; core can fragment into discrete rods and eventually form spherical structures

without damaging or deforming the outer nanoshell.
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Core-shell Nanowire Embedded Nanosphere
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Figure3.4: Fabrication of shell embedded spheres. Temperature abokediteeatment in
hi gher temperatures particularly in 215 AC ca
periodically separatespheresnside the PVDF nanoslhe
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Shellembedded spheres at#ficult to produce by conventional means, and are
of significant practical importance in photonics applications. Sphere diaaigr
separatiordistancesan be engineered for theoduction odielectric antenra[70].
They canbe also utilized in CCW applications where they display promisng
coupling features. This poithtes beentheoreticallyinvestigatedandis detailedin
Chapter 5.

3.5 Fabrication of Nanochains

Following the production of sheimbedded nanobkpres, further heat treatment
results in the structural deformation of the shell region, producing a series of
nanochainsThis configurationcan be described @sseries 0As;Se; nanospheres
linked by PVDF bridgesHere boththeshell andhecore of tle coreshell nanowire
are deformedinto chainlike (Figure 3.5)structures This configuration can be
obtained in the temperature range of ~246 0 Aaprotessrduration of iain
anda coreshell nanowiraiameter 090 nm

Despite the deformation dWoth core and shell regions, the PES polymer sheath
remains intact following the application of heat and preserves its integrity to a
reasonable degree, though thicker sheath thicknesses may be necessary for
procedures requiring higher temperatur&&EM images of this configuration
demonstrate that larggrea and uniforrmanochainarrayscan be obtained with
proper fabrication settingSizes of the chain links are in the nanoscale, and around
200 nm for all images in Figure 3:8aFIB sections for nanosleachains are difficult
to obtain, as the chain links are damaged easily even under the lowest current setting
possible. As sucH,instead provide a crosectional image of two microchain links

connected by the PVDF outer shell.
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Figure 3.5: Fabrication of nanochains accomplishedin this caseby raising process
temperature t@50 A CHighertemperaturesauss the PVDF bridges to separate, resulting
in a series of PVDHRrsenic selenideanospherewithin the PES sheath.
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Nanochaig arerelativelynovel structures and can be tailotedit the needs oh
wide range of applications, includingplar thermal absorbef§1], luminescent

platforms [/2] andsingle electrontransistorg73].

3.6 Fabricationof Core Shell Nanosphere

The final product of heat treatmdsta series ohanospheres. Herehe core and
shell regionarebothfragmentedresuling in coreshell nanospheremnnected only
by the PES sheat(Figure 3.6) Both shell and core region effted by thermal
instability. Surface tension is adequately high from viscous force hence result with
the breaking of both region diecoreshell nanowire.

This configuration can be obtained in the temperature range 0238 AC f or
= 2 minandd = 90 nm. SEM imageof this configurationdemonstratéhatuniform,
large-area nansphere arrays can be obtainedollowing the optimization of
fabrication settingsFIB wasalsoutilized to obtain crossection imaggof asingle
coreshell sphergFigure 24d) Coreshell nanospheres can be used for a range of
applications, includinghotonic crystal barcod¢$4] andthe development of novel

sersors[75].
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Figure3.6: Complete deformatioof coreshell nanowies into coreshell nanosphere ocaur
at temperature above270 A CCoreshell nanospheresre supported bythe PES sheath
which is unaffected by applied heat.
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3.7 Features othe Fabrication Method

The ombination ISRthermal instability techniquéescibed in Chapters 2 and 3
provides excellent fabrication facilities, mawoy which areinherited fromthe
features othelSR methodlt is especially notable that thigermal alteration of PES
embedded nanowires does not compromise the structural iptefythe nanofiber,
and indefinitely long arrays can be produced for any of the schemes destribed
demonstratehis effect byfabricating a2 meterlong array ofspherical structures
(Figure 3.7a) insidea PES sheathwhile preservingthe distribution & bundle

components within thimcal areain which the nanostructures ambedded.

Figure 3.7: Indefinitely long nanostructures. (a) A 2 m nanowire array converted into
spherical nanostructuregemongiating thafiber integrity is not significantly altered by heat
treatment, and that nanostructure arrays can be produced in-scat@dengths by the
present methodb) Crosssectional and (c) longitudinal images of nanowires (d=450 nm).
Produced sphearal nanostructures with (d) out of phase, aligned, esestonal and (e)
longitudinal image.
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Figure38: A Taut 0 and As|-ac kT afuatbor i fcmatioehaiss wiphr(ad u c e
average diameters (50€imilar to that of the initial nanowire (450 nmd-f) A SI ac ko fi ber
in contrast, produce mudhigher diameters due to the thermal contraction of the fiber;

originated from mass conservatiohhe SEM micrograph displaysanochains withan

average dianter of 400 nmobtained from 200 nm coighell nanowires.
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While heatmodified nanostructures largely retain the profiles of the initial
nanowire, the oubf-phase alignment of parallel nanostructure arrays prevents the
observation of all nanostructures a single cross section (kg 37d).

Precise size control of spherical nanostructures is also demonstrated in step Il
nanowires by physically restraining the initial wire during nanochain formation.
ATauto (i .e. restr ai neadowwes grdducaspheresowitm f or ¢
diametersconsistent witht he i ni t i al structur e, whil e 0
during the process and form nanochains with larger diametersréF&&:f). In
order to demonstrate this paihtfabricated nanochainssimg two nanowires with
identical(450nn) di amet er s, applying edge restric
and | eaving the other unrestricted (fAsl ac
had diameters of 458nd 200 nmrespectively.

Figure3.9: Coreonly nanoschemes. In addition(&) coreshell nanoschemef) coreonly
structures can be obtained by removing the PVDF shell laglemonstrate this process by
plasma etching an array of ceskell ranosprings, but etchant solvents or drawing-corg
fibers may be utilized to the same effect.
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Figure3.10: Smoothness of microscale structures. Twoduhkicrosphereexhibit smooth
surfaces and no appent irregularities, even under high magnificati®cale bar500 nm.

In addition to coreshell configurations, corenly nanostructures can be produced
by removing the shell region by plasma etching or exposure to F¥Eing
solvents Bare ranosprimgs obtainedby plasma etchingre shown in Figur8.9, and
it is notable that such structures could be produgdtut deforminghecore layer.
Similarly, N,N-DimethylacetamideMA) and DCMcan be used asolvens to
removethePVDF polymeisheathHowever, as PVDEFs relativelyresisantto DCM,
the nanowires should be etched a longrtime periods(severaldozenminutes for
nanoscale shell sizeslsing this techniqueany structure fabricatedsing the
present methodan be obtaineth bare (sheathss) formto be usedn avariety of
applications.

The fabrication method is scalable across a wide size range and can be used for
the production of nar@nd microscale structures by altering initial nanowire profile
and dimensionsMicron-scale sphege obtainedby heat treatment of Steg |
nanowiresare shownin Figure 3.10and confirm that it is also possible to obtain
microspheresising the present meth@el.g.for microresonatoapplication$.
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Figure3.11: Adjustable instability wavelengths. Different processing times and temperature
result in changes in instability wavelengtBsscrete rodgisplayingvarying wavelengths
(140 -n M4 0 asn5B80 nmawere produced following the exposurea ranowire
array to demperaturgradient Scale bar, @ nm.

Thermal treatment also results in the production of highly smooth nanostructures,
which are particularlgrucial in optical applications. The high regularity inherent to
the present fabricatiomethod can be observed in the two microchain links shown
in the magnified SEM micrograph in FigureG.

Structure wavelengths and intgructural distances are also correlated with
process temperature and timing, with higher values being associatetbwwh
wavelengths and distanc&y applyinganontuniform heaigradient,| observedhe
productionof a nanood arraydisplaying a spectrum after-spacial distances and
lengtrs. Nanorods with nstability wavelengthsof &y= 1 4 0 2240 nmand
=580 nmare displayedh Figure 3.1.
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Chapter 4

Numeical and Analyical Techmques

4.1 FDTD Method

The finite-difference timedomain (FDTD) method is mathematicatechnique
thatcan beutilized for finding numerical solutions tvla x w e | ubtions 76k This
state of art method has several advantames similar techniques which are
generally based on approximations areé onlyapplicableto specific cases (i.e.
Beam Propagation Metho[@7], DDA approximation[78], LorenzMie Theory
[79]). FDTD, however,can be applied to any complex geometry endapable of
simulating realistic conditions. Beside time and space solutidnsan also be
utilized for frequency solutions by taking Fourier transfoaisolutions obtained in
thetime domain

FDTD simul ations ar e p e diffeoencentengdomaini
software[80] (Lumerical Solutions Inc.)The software utilizedl.umerical FDTD
Solutions provides conformal meshingor the simulations ofelectromagnetic
problemsand supports prallel computing idonger simulations. Minimum mesh
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sizesutilized in simulatiors are limitedby the capabilites of workstationsused to
run the simulation in questiotHowever,conventional PCs are sufficient for the
acquisition of accuratesolutions © many electromagnetic problembk.used 2
workstations that possess 8 core procesadotal, eachwith aspeeddf 3 Ghzand
aRAM of 16 Mb. In order to minimize simulation time for very long simulations
also usedthe facilities of TUBITAK Ulakbim, which are equipped witthigh
performance computers andn significantly shorten simulation times by utilizimg

parallel computingnetwork ofover 50 processors.

4.1.1 FDTD and Maxwell's uations

The kasic formalism behind the FDTD technique relies fally vectorial

solutions of Maxwell's curl equations in naragnetic materials:
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Here E, H and D correspond to electric, magnetic and displacementsfield
respectively- 1 is the complex relative dielectric constaamdits squargootis
the refractive index ofthe material in question As the above equations are
differential equationsa large variety of mathematical transformations can be utilized
for their solution. Herd, preferred to usthe FDTD method.
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Figure 4.1: A simulation cell divided intoa meshnetwork Yee cells are the elemental
volumes comprisinghe mesfstructure.

Yee cells, tscrete meshelementsthat divide the material volume and the
simulation region intaliscretepars, have been utilized for simulatidfigure4.1).
Maxwel | 6s alsgosotvediinaliscsete dmeestepshich areeachequalto

the spatialmesh sizalivided bythe speed of light.

4.1.2 FDTDSolutions

Conventional simulatiasrequire the iput of simulation parameters for material
structure, simulatiomlomain light source andlata acquisitiorsetting. Detailed
information for each setting can be foundRef. 80, but herel only providethe
optimizedsettingsutilized throughoutny simulations.

Structuresused in simulationBave been defineas cylindrical or spherical core
shell structuredn cases of structuralerlap,mesh ordes were set so as poioritize
thelower order during simulation. Almosll calculationsutilized for comparisos
between simulated and measudatahave been performed usingal ellipsometric

parameters given iRigure2.5-2.6. For therest ofthe calculations| used constant
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optical parameters to investigatthe underying phenomea and optical
characteristics ahenanostructures of interest

Simulation areasettingsdefine the boundarywithin which thecalculationsare
performed Either 2D or 3D simulation domagican be utilized for simulation
However, theproperties ofthe simulateddimensionshould be applicable to the
phenomenon to be investigatda minimize simulatiorimes, | assumenanowire
with infinite length which reduces3D simulationgnto their2D FDTD equivalents
However 2D simulations cannot be ustedl coreshell spherg, and 3D simulations
were utilized for these nanostructur8emulation timeis initially setto 1000 fs and
changeddepending oithe purpose othesimulation Simulationsare automatically
stopped whetheautoeshutoff criteria contion is reachedl usedconventionaPML
boundary conditions in many simulatigméhich assumes that any light incident on
a boundary is absorbed completdly.periodic systems, such as photonic crystal
structure used for biemimicking (Chapter 8) andanowire arrays coated on solar
cells for the enhancement of light absorption (Chaptdrn@eda periodic boundary
condition. Incases whereircular symmetrys presente.g. coreshell nanowires and
nanospheres) choose symmetric and arsymmetric bandary conditions(the
formeris parallel tothe electric fielddirection and latteris parallelto the magnetic
field). Auto-nonuniform meshingvas generally usetbr simulations anda fine
mesh was defined arourtde monitored regions in order tocrease simulation
accuracy FDTD Solutionssimulation software also provides a conformal mesh
option, which allows the simulation of curved regicersd was utilized for all
simulations.

A broadrange ofsource optiongxist for the excitation of simulatesfructures.
Eachsource is generally utilizefdr aspecific purposeA Total Field Scattered Field
(TFSF) source is used for illuminationmany scattering calculationas this source
type yields a scattered field separate from the incident field anernsfdine wel
suited for scattering analysiBor the characterization afanoshell interference

63



planewave sourcés utilized Nonlinear optics simulations requiegemore detailed
setof source parameters, apdlse duration and bandwidth parametgvbich are
used to generate femtosecond pylsesd to beet prior tathesesimulations.

Monitors are used for collectinthe data output Frequencydomain power
monitors are used fdhe observation of reflectigntransmission, absorpticand
scattering dta.Data pointsorresponding to specific wavelengths or frequerzaes
be setin order to increaséhe spectral resolution athe output | preferred equal
wavelength spacing imy simulatiors.

Frequencydomainprofile monitors were used for the acqtien of spectral data,
andnear field profiles are obtained withe use of drequency domain field and
profile monitor.The resolutiors of intensity and field profiles can becreaed by
decreasingspatial mesh sizesand mesh sizesf 1-5 nm are utilized in my
simulationgto increase the quality of the near field profile d&taiptswere utilized

to run series of simulations tor automatically save the resultisgnulation data.

4.2 Analytical Solutions of Light Scatterinjom Core

Shell Nanostuctures: LoreniMie Formalism

Scattering from regular shapes (i.e. spheaadcylinders) can be modelled
analytically using Loreniie formalism. Asl frequently investigate scattering
effects from coreshell nanostructuresheir analytical solutiomcan be utilized to
yield further support tany experimentaland numerical resultsHere, | solve the
scatteringequations forcoreshell nanowires by usingorenzMie formalism and
providethedetails ofthe solution proceduredetailed solutiosfor sattering from
coated sphesehave previously beeelucidated in the literature, and hdralso

provideanalyticalsolutions for coated sphexe
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4.2.1 Analytical Solutions fo€ore-shellNanowires

| start fromthe scalarwave equation, which can b#erivedf r om Maxwel | 6s

equations.

n Q 0;

The wave equation in cylindrical coordinates carelgpressed as follows;

—i— —— — T o0;

The ®lutions are in the formof ih hx & " Q Q (n=0,N 1é ). Here
" IWQ Q, and % can be obtained as thlutionto the following Bessel

equation;

no_0n ” é (I) 0,

Solutions ofthe above equationsra linearly independent first and second kind
Bessel functionsThe vector cylindrical harmonics generatedthg wave equation

are,

After insertingthe parametersdetailedin above equations | obtan generating

functionsof thefollowing form;
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) MQ Q Qe—iHO "+ Q ;

W " iHQ

These solutionassumea planewave lightsourceincident onaninfinite coreshell
nanowire.However it is useful toconsider theTE and TM polarizatios of the
incident light and solve theirequationsseparately to further characterize the
scatering effect For these solutionsassunethat light falls at a perpendicular angle

onto the nanowire surface.

Derivation ofequationgor TM polarization

Incidentand scattered field as well adfields encompassed by the core and shell
regions, can be expandednto wave harmonic equations by expressing their
generating functio® in their corresponding regisnand finding the scattering
coefficient® ;

QN QOEdT
0 QI i @EQ ;
"0 Qi @ ;
D Qa héfQ Q ;

~ ~

W Qid wélf QA wéElQ Q ;
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Magnetic and electric fields for scattering, incidersbe]l and core regiofields can

be expresskasgenerating functionsvhich are givenn theTable4.1

@) o0 ;
o — 00 ;
@) 0 ®O Q0 ;
@) 0 ®©U Q0 ;

@) O Q0 Q) VY 0 0 ;
§O) O " Q 0 0 VI ;
o O ®y Q00 ;

o — 0 ® 0 QOO ;
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Figure4.2: Schematic of thanalytical solutions for scattering from a cateell nanowire
The @re medium possessahigher refractive index thae shell region irmy coreshell
nanowires. The @me equations could be dder nanotube(or bare nanowirg) by assuming
a core (orshell) with the refractive index of aiSubscriptd ands indicate incident and
scattered fieldgespectively.
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Derivation ofequationgor TE polarization

Equations for the modelling &fE polarizationwere derived as described for TM
polarizaton. Herel find the scattering coefficiento . Wave harmonic expansions
of coreassociatedshellassociatedscattering and incident fieldgve been derived

by definingthe generating functions inside these regions.

@) Q Ov ;

o — 00 ;
@) Q 0 &b Q0 ,
o — 0 QU Q0 ;

@] Q O "QU Q0 Vi) 00 ;
o — O " Q 0 0 VI ;
@) 0O @ 0 QD ;

o — 0 "® 0 w0 ;
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M wavevector

N wavevector
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Table4.1. Generating functions of all three regiomghin the coreshell nanowire.
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Boundary conditions:
Boundary conditionsvere seby taking into accourthe continuity ofmagnetic and

electricfields throughout theoreshell and shelair interfacesand areexpressed as

follows;

O ©O iHU TT O O iHU TT 9 i
O O O im O 0 0O KT 2 1 o

By inserting the generating functionsatéctric and magnetic fieldato the equation
and utilizing the aboveescribed boundary conditigrs single coefficientbn for
TM polarization anda, for TE polarizationcan be derivedby convertingthe

equalitiesnto linear equationslhe solved equations are givenfaiows;

(For TM polarization)

€

0 & U ok —0 B —;
W —L W — a0 ;
6 a L wh a - O a v Wb d -
«w —— (For TE polarization)
L &L U b G0 0o
®W a0 v oo O
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O & & G -0 C & o uh d -0 wb

Scattering efficiency for unpolarized light can be writtefodlews;

Here,0 W —, where 0 is scattering crossectionanda s radius of

cylinder.

4.2.2 Analytical Solutions fo€ore-shellNanospheres

LorenzMie formalismcan also beatilized fortheinvestigation of light scattering by
coreshell nanogheres Detailed solutions for coreshell nanospéres are well
known and are readily availakile manytexts onlight scatteringd81]. As such, the

present worlonly lists thefinal solutionsfor light scattering from coated sphere

. ) a w O a W a () W 0 a w
@ , @ a w 0 aw ad, w a w 0 a w
. Q W dw 0..0 W W a w 0 a w
©“ FT .6 ade 840 ., 0 4o 8.4
. a a a w a aw aw
© a ...an aw a aw 4adow



Here, h.and, are RiccatiBessel functionsScattering efficiencyor unpolarized

light can be expressed tdlows;

Here,0 W —, where 0 is scattering crossectionanda is radius of

sphere.

4.3MODE Solutions

Mode Solutios isacommercial software developed by Lumerical Soft. facthe
finding solution of waveguide modesThis software is particularly useful in
waveguidetype structures, and is utilized in this work to simultite extenh of
dispersionbetweenthe waveguide andhe material Monitor, simulation, source,
structure setings are similar to FDTD Solutions. Detailed information about MODE

Solutions can be found in the Ref2.
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Chapter 5

Resonant Me Scattang

5.1 Mie Scattering

Light scattering frommaterialsurfacess a well-known phenomenon in &ps,
though itis generally diffusiveand uncontrollableén rough surfaces.However,
controlledscattering can be very usefuladarge number adpplications. There are
severaltypes of scattering effectsicludingRayleigh scattering, Mie scatteringch
inelastic scatterirgsuch aBrillouin andRamaneffects[3,83]. Many of themalso
take place in natuid4] (e.g.thebluecolor of the midnoon skywhich isaresult of
Rayleigh scattering).

Among the scattering effectsMie scattering isperhapsthe most widely
investigatedohenomenorandit is known for itsfar-reachingpotential applications
in nanoscale photoni¢85,86,87,88]. In Mie scatteringlight is scattered fronsmall
particles with enhanced scattering cresstons andin resonant \avelengthpoints
Sizes of scattered particles are comparable to the wavelenginc¢ident light in
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the Mie scatteringdomain Therefore, particlearerequired to ben the nanescale
in order to exhibit resonancesthevisible spectrunof light (and thus to exibit Mie
scatteringmediated coloration in the visible regiop Light cannot normally
propagate through subwavelength structuresyever Mie scatteringallows light
tofocus on even deegubwavelength structurgsrovided that @orrectcombination
of material parameterare present(refractive indexand size parameters are key
factors inmaterialselection). Unlike microresonant systems, ligiit Mie scattering
exhibits leaky mode resonances inside scatteringtructure[89]. As such,light
scattering can excite resonant modes inside the struathieh allows the efficient
and continuous scattering of liglmom structure exhibiting Mie resonance modes
Light scattering from regular geometriesn be analyticafl expressed bysingthe
LorenzMie formalism[90,91]. Analyticalequationglescriling light scattering from
coreshell nanowires and coshell nanospheres are given in Chaptén 4addititon
to modelling theabsorption of givenmaterial also can bmaximizedor minimized
in desired wavelengths of ligliy alteringparticle sizs, andthis phenomenon is
facilitated byresonantMie absorptionHence, both absorption and scatterarg
significantwhen structure sizes asafficiently small though neafield effectsare
responsible fordetermining the extent of Mie absorption and field effects

dominate the strength of the Mie scattering phenomenon.

5.2 Theoretical Investigation of Resonant Mie Scattering

Mie scattering in its resonant foroan beobserved in highindex nananaterials
and deepsubwavelength nanostructures. Many regular geometrical slngves
beendesignedo observe small particle scatteriddost of the structurestudiedare
cylindrical [9293,94] or spherical[95,96,97]. Here, | theoreti@ally investigated

resonant Mie scattering from cesbell nanowires and nanospheres.
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5.2.1 Scattering fronCore-shellNanowires

Using FDTD simulations, scattering efficiencies of eshell nanowiresare
investigated in the visibland NIRspectrum 300-1500 nm) for varying nanowire
diametersZ0-300 nm). Simulations are performfm bothTM and TEpolarizatiors
using a constant refractive index of 3.25 tloe As,Se; core and 1.42 fathe PVDF
shell(Figure 5.1a,h)

For nanowire diameters below 300 nime PVDF shelthickness is insufficient
to support thin film interference in the visible rangedMie scattering from the core
is the dominant form of scatteritis is the case for fabricated glgsslymer core
shell nanowires)The core diameter d&mines the structure and the number of
whispering gallery type modes resonating inside the nandWwiggire 5.2). The
resonance conditions for Mie scatterimgfabricatednanowiresare identified as
TM1o, TM11, and TM1. A single resonant mode is obsathfer dimensions smaller
than 50 nm, and additional modes appear for larger nanostructures. For material
exhibiting Mie scattering the absorptionof light results in the omission of higher
order modes anda decreased scattering efficiencin stark contast to TM
polarization, no supporting mode is present inside structures below 50 nm in
diameter for the TE polarization of visible wavelengths. However, a numbet of T
modes appear above this size, in addition to the abmrgioned modes resulting
from TM polarization.In coreshell nanowires, resonant modes of TM polarization
generally display a higher scattering efficiency compared to those of TE polarization.

The resonancbased origin of the scattering phenomenon is identifieddayr
field mode profies calculated for TM polarizations (Figure 5.2). It can be observed
from these field profiles that light resonates inside the structure prior to scattering.
Its modes are similar to whispering gallery type resonarg®89. Unlike the first

mode, the seca and third modes exhibit narrow resonances.
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Figure5.1: Map of resonant Mie scattering in cesbell nanowiresEDTD simulations are
performed foa) TE and (b) TM polarizationBifferent resonant modesipported for both
polarizations.
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Figure5.2: Mie scattering from cylindrical core/shell nanowires. Scattering from a 100 nm
core and 25 nm shell structure was analyzed by FDTD simulations to demahstrataes
supportedby the nanostructure geometihe fundamental mode (TM and higher order
modes (TM1 and TM:1) were present within the calculated geometry

We can roughly predict the resonant scattering wavelengththemquatiom a- £« n

= 'where m = 1, 2, ..., @& is t heisther ee
effective refractive index, and d is the diameter of the nanowire. For ins&nce,
nanowire witha diameter ofL75 nmwould exhibit a scattering peak at 695 nas
shown in Figures.2
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Figure5.3: Farfield profile of scattered light for resonant Mie scattering. For TM polarized
light, the nanostructure isotropically scatters light. In TE polarization, lighimostly
scattered irtheback and forward directien

By using the abovdescribedormula, we obtaira net of 2.65 (for m = 2), which
is close to the refractive index of /& core (2.95) at this wavelength (see Figure
2.5). A lower n# value B expeted because the TM mode is notexclusively
confinedto the high-index coreregion The scattering efficiency and resonance
wavelength can be directly calculated from Lordiz theory for unpolarized

incident light.For unpolarized light, scattering Efiency can be expressed as;
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wherex = kd and the scattering coefficients and b, are obtained by solving
Maxwel |l 6s equati ons interfades. ln Ghapted fdesgribpec ond i t i ©
the derivations of coeffientsa, and i for both TE and TM polarizations.

Farfield plots reflect the behaviour of the scattered light at a long distance from
the scattering particle, which is useful for experimental measurements (which
frequently satisfy this condition). Féeld plots for resonant Mie scattering show
that light is isotropically scattered in the first mode of TM polarization, with its
resonance concentrated on the core of the structure. In TE polarization, light
scattering is in the forward and backward dir@tsi, which corresponds to the second

order of resonance (Figure 5.3).

5.2.2 Scattering fronCore-shellNanospheres

The Mie scattering properties gitserical structures astuded extensively in the
literature[100101], and aref substantial importance manyareas in opticdn this
work, | detail the investigation and characterization of Mie scattering from a high
refractive index core coated with a PVDF sh&dl with coreshell nanowired, have
run aset of simulations and pled mays of resonant M@ scattering from coated
sphers to characterize the resonant modes of these nanostructiméke
nanowires, Mie scattering from cesbell nanospherés independent gjolarization
as expected from spherical symme(Rigure 5.4a) It must be stressethat no
supporting mode exists for Mie scattering in the visible range for RP&i2fed

spheres below 70 nmn diameter Near field profiles of the first three modes clearly
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Figure5.4: FDTD-simulatedmapfor resonant Mie scattering and near field profdésore

shell nanospheres. (a) Scattering map describing the positions of the first three resonant
modes. (b) Near field profiles of the first three resonant modes as observed from x, y and z
axes. Fieldsire localized inside the nanostructure and exhibit a eage behavior.
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Figure5.5: Map of resonant Mie scatteriglculated using real material parameteligher
orderswere observed to disappeakgly due tathe higher optical density of arsenic selenide
in the smaller wavelengths tfevisible region.

represent the resonant profiles inside mla@ostructure and display a leakyde
resonance behavigFigure 5.4), which is associated withdhselective scattering

of light in a specific wavelength depending on particle size. For theoretical
investigation, scattering maps are calculated assuming a constant refirzative
and negligible absorption. Near field profiles abserved from all tlee axes. Here

the axes, y, andz correspond to magnetic field, propagation vector and electric
field, respectively. In order to observe near field profilesore diameter 050 nm

was selected for the simulation of Mie scattering.
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Figure 5.6: (a) Coupled cavity featuseof a nangphere array. Waveguisi@roduced by
individual spheres exhibit coupled cavity features. (b) Near field profile of scattering modes
demonstrate that light can propagate tigtothe spheres by using these modes.
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The use of real material parameters results in major decreases in scattering
efficiency for smaller wavelengthdue to absorption by the core. From scattering
maps, it can be observed that the lower modes broadecattering spectra and
higher orders tend to disappear entirely, especially fallensizes (blue region of
Figure5.5). This map is particularly useful for the design of colored nanostructures.

Coupledcavity formation from individual spheres is aldemonstrated using a
linear array of periodically arranged spheres. It is interesting to note thashifted
in the first resonance mode was observed with increasing numbers of {piggrnes
5.6a) After a certain chain length, however, the rate dt gsleiclined and eventually
stopped. Near field profiles of the first and second scattering modes show that light
propagation occurs through the spheres. These profiles imitate the first and second

resonant mode profiles existing in a single splieigure5.6b)

5.2.3 Scattering calculations foro@e-shell Schemes

In addition tocoreshell nanowires and nanospheresany other optiongre
available for coreshell schemes suitable fathe observation ofresonant Mie
scattering. | performed simulations fomanospring, shellembeddeddiscrete
nanagods and coreshell nangsphers, nanochais and nanowiregFigure 5.7)
Unigue sattering baracteristicavere displayed byeach of these configurations.
Here | consider real material parametdos my simulations,and observehigher
scattering peaki the red part ofthe visiblespectrum. Scattering calculat®are
simulated fora constant diameter of 200 nmall casesA 3 -longmanostructure
(or series of nanostructures, where applicable) was utilizeallfsimulations 250
nmrods withinter-structural distances of 200 nwere simulatedo represenshell

embedded rods.
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Figure 5.7. FDTD simulation of fabricated nanoschemes. Scattering profiles of each

fabricated scheme is simulated for nanostructure diameters of 200 nm. The use of real
ellipsometric constants results in the disappearance of higher modes, especially in lower
wavelengths where scattering is hindered by absorption by tBe&sre. Structte lengths

are 3 Om for each s c h-strovtural digtdnbes of 800 nnovlese wi t h i
utilized for discrete rod simulations. While all fabricated nanostructures are expected to yield

a redorange color at 200 nm, pronounced differences are présetmeir scattering

characteristics.

It must be stressed that Mie scattering characteristics of nanowires and discrete rods
exhibited significant differences, despite their similarity in organization.
Nanosprings also displayed interesting scattepraperties due to their rotating
structure, which led to the production of a rgymmetric structure profile.
Nanochains andoreshell nanospheres, which possess same building blocks but
different interspatial distances, show similar scattering behawiath slight
differences in reghifts and a narrower scattering band in the former.
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5.3 Structural Coloration on Glag®lymer CoreShell

Nanostructures

5.3.1 Measurement Setup

Resonant Mie scattering can be enginestaxatessfullyor structural colomg, as

the scattering efficiency is adequately hightferobservation of coloration evea

the unaided observgs3).

Nanowire array

X100 objective

Dark field Dark field
WHITE LIGHT
ILLUMINATION

Spectrometer Camera

Figure5.8: Schematics of experimental agi for scatteringmeasurements from nanowires
and nanospheresheoptical image oananowire arrays shown. Structurewith diameters
smaller than 200 nmere obtainedusing thedark field mode of an inverted microscope.
Thescatteringspectrum was taken by aAis spectrometer coupled to the microscope.
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To this end,l use ISR and thermal instability techniques to obtain -sbed!
nanoschemedisplayinglargescale Mie scattering based colorati@niefly, core-

shell nanostructures are dispersed on glasssamdturesdisplaying the desired
colors are selected for characterization under dark field illuminatismg an
inverted light microscope. Scattered light is collected by a MAYA spectrometer.
Optical images of colored nanostructures are taken by aldigimera attached to

the microscope. The experimental setup for scattering measurements is shown in

Figure5.8.

5.3.2 CoreShell Nanowires

Coreshell nanowires produced byeiative size reductiomvere successfully
engineered to displasize dependenttsuctural coloratiororiginatingfrom Resonant
Mie ScatteringFigure 5.9a,h)A high-refractive index AsSe; glasswas selected as
the core materiah order to enhance scattering efficiency and make the observation
of vivid hues feasibleThe size of theore regionis one of thanain parametearfor
thedetermination ofcatteringcharacteristicsAs the coreshell nanowire diameters
decreasgthe thickness of the shell region likewidecreases, resulting in very thin
shell layers that cannot significéntalter the coremediated structural coloration
displayed by the nanowiredanowires in a diameter range 0£300 nm could span
the entire visible spectrum, andirpary colors were clearly observed for 175 nm
(red), 42 nm (green) and 35 nm (blue) diaenebreshell nanowiresollowing the
removal ofthe PESsheath(Figure 510b). Dark field illumination was used in order
to increase the resolution of the images. The cross sections of the thrsbealbre
nanowires are shown in the TEM image (Figur&08). The shell layer is barely
visible due tsmeas caused by thaltramicrotomeandthelow contrast betweethe
PVDF and PE3egions
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(b)

Resonant Mie Scattering

1 1 1 White
light

Figure5.9: (a) A novel thermal size reduction technique is useadbt@in indefinitely long,

scalable corshell nanowires. The structure consists of a ddigiectric semiconducting
(As:Se) core,a piezoelectric polymer (PVDF) shell aachigh-temperature thermoplastic
(PES) cladding. The structures show native strattaoloration based on their size
dependent propertiegb) Coreshell structures, when scaled downaadiameter range
between30-200 nm, show resonant small particle scattering. Ndasguced, indefinitely

long and largearea coreshell nanowire arraysan becolored by €¢) Mie scattering .
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Figure5.10: (a) TEM images of polymer embedded:8&/PVDF coreshell nanowires. (b)
Sizedependent Mie scattering from 35 nm (blue), 42 nm (green), and 175 nntdred

shell nanowires. (c) Spectroscopic dark field scattering measurements from these three core
shell nanowireshow sizedependent resonant peaks at 470 (blue), 530 (green), and 700
(red). (d) Numerical FDTD calculations of scattering from these naaswigree well with

the measurements. Inset: Resonant modes are identified using FDTD simulations. In the
calculations,| used wavelengtdependent refractive indices and extinction coefficients
obtained from spectroscopic ellipsometry measurements.

Spedra measured from threeolorednanowiretypesare shown in Figure.50c.
Three resonarMlie scatteringpeaks were observed at 470 nm (blue), 530 nm (green)
and 700 nm (red}zDTD simulations reproduce the measurement peakgirming
the resonant scatiag effectwithin the coreshell nanowires (Figure. 3d) for TM
polarized light. Blue and green peaks atiibuted tothe TM1o resonance mode,
while the red peals attributed to th&M11 mode.The scattering efficiency of TE

polarization is known to bemaller compared to the TM polarization. hmy
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experiments, shoulder pesatbserved to the left of the red peaecalculated to be

the lowefficiency Thi resonant peak which do not effectively contribute to
coloration. The increasing noise in the tsang intensity in Figure 5c is due to
absorption by thé&s,Se; core

5.3.3 Core ShellNanospheres

As nanospheres are welharacterized in Mie theory and find widespread
application in nanoscale optics, investigaté their scattering properties by
analytical, simulation and experimental ddtdailored the first mode for selective
scattering of light, which is independent of polarization and displays vivid hues with
linear dependence on patrticle size (F&pb.5).

Colored coreshell nanospheres sp#he whole visible spectrum within the size
range of 10250 nm, with larger sizes corresponding to higher wavelerigipsre
5.11a). The thermal basis of the fabrication technique results in a high uniformity
and smoothness, which prevents siependen shifts in scattering spectra and
allows the production nanosphere arrays displaying uniform-knege coloration.
Experimental data were collected from laayea nanostructurésigure 5.1b) and
FDTD calculations were performed for nanospheres widliame core diameters of
130 nm, 170 nm and 220 nm, corresponding to blue, green and red coloration,
respectivelyScattering from are-shell nanospheres can also be expressed by using
LorenzMie formalism. To this end,| used analytical equations for exgseg
resonantscattering fromcoreshell nansphers. Herel insert real 1§,k values in
order to comparebtainedresults with FDTD simulationsising nanospheres with
core diameters of 140, 170 and 220 nm.
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Figure5.11: Largearea coreshell nanosphere arrays engineered for blue, green and red
hues, with average diameters~30, 170 and 220 nm, respectively. (d) Scattering from
colored nanostructures measured by inverted-fielk microscopy. (€) FDTimulation
technique used for the verification of experimental results. (f) Analytical solutions for light
scattering from spherical coeshell nanostructures modeled with Loréviz theory.
Analytical and simulation results overlap, and are consistetit mieasurement data.
Collective scattering from large area spheres with narrow size distributions result in uniform
coloration and small shifts in scattering spectra. Ellipsometric material parameters were used
in FDTD and analytical calculations.
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