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1.1 General introduction

Metal nanostructures show optical properties that arkisgily different from the prop-
erties of the bulk material. For example, the deep-red afidweolors in stained glass
are caused by small metal particles of gold and silver, @smdy. This optical effect is
due to a strong interaction between light and the condudlectrons, that are con ned
to the small volume of the metal particle. Under in uence ofascillating electric eld,
the negatively charged conduction electrons perform acte motion with respect to
the positive-ion background, creating an effective chargthe surface that results in a
restoring force. The electron oscillation is therefordexhh (localized) surface plasmon.
Plasmon modes can also be found in bulk metals and at théaogédbetween a dielectric
and a metal. Under certain conditions, plasmons can beeeibit light, which leads to
strong light scattering and absorption and an enhancenfighedocal electromagnetic
eld.

The optical properties of small metal particles have iregpbimany researchers in the
past 150 years. For example, Michael Faraday (1791-18@fyedhthat the red color in
stained glass is due to small-sized Au patrticles, and thehesoretical framework to fully
explain this peculiar interaction between light and mattes published by Gustav Mie
(1869-1957) about a hundred years ago. [1] However, tharelsen plasmonic materials
has increased remarkably in the past decade. This recewlrefinterest is caused by
the advances and increased expertise in fabrication metioocteate metallic structures
of well-de ned sizes and shapes, [2, 3] and the many pog#dsilto use these materials
in applications in optoelectronics, sensing, biology aratlimine.

The key issue is that with plasmon-based structures ligihteacon ned to and ma-
nipulated on a scale smaller than the wavelength of lighega iundred nanometers),
I.e., smaller than would be possible by conventional opfi#sA striking example of this
phenomenon is the high transmission ef ciency of light thgh sub-wavelength holes
in a thick metal screen. [5, 6]. The enhanced eld intensigse to surface corrugations
(like the holes in the metal Im) is currently being invesdigd for use in near- eld optical
lithography and near- eld optical storage heads. [6—9]

Exploiting the interfacial nature of the surface plasmadhi metal Ims can replace
dielectric waveguides in optical devices, as the electgmatc energy (con ned to the
metal-dielectric interface) can be guided over distanéesres to hundreds of microme-
ters for visible and infrared wavelengths. [10-13] Venhtitateral con nement of light
can be achieved by use of linear arrays of metal nanoparfit#e-16], along which elec-
tromagnetic energy can propagate over a micrometer destfhc] Furthermore, the high
local eld enhancements close to the metal particles carxptoged for molecular sen-
sors and spectroscopy and nonlinear optical elements2§]8—

Plasmonic structures are often made of noble metals suclolds(4u) and silver
(AQ), because these metals are stable under ambient aorldand show strong surface
plasmon resonances. Moreover, they are compatible togiealbsystems and the binding
of proteins, oligonucleotides and other biologically valet systems to the metal surface
is well established. Small particles of different sizes ahdpes have been shown to be
suitable markers, contrast agents (e.g., in optical coltereomography) or therapeutic
agents for biomedical applications. [26—30] For theseiagpbns, it is advantageous to
be able to tune the particle plasmon resonance to the niearad region between 650 and
900 nm, where water and hemoglobin have their lowest alisarpbef cient. [31-33]
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This tunability is provided by engineering the shape andwgtoy of the particles.

The following sections give a brief introduction to the @ptliconstants of noble met-
als, to plasmon resonances in spherical and ellipsoidahlnpetrticles, and the optical
properties of metal shell particles. lon irradiation igaatuced as a fabrication technique
to tune the shape of metallo-dielectric particles.

1.2 Optical constants

The response of a material to the exposure of electromagrastiation is usually given
by the frequency dependent dielectric constéh). This dielectric constant is a complex
number ¢ = 2°+ 2”) and is related to the index of refractibh= n + ik by

2"=n?2; K2 2" = 2nk (1.1)

The dielectric constants of a material can be obtained byation and/or transmission
measurements on clean surfaces. For a dielectric mediengléss, the refractive index
for optical frequencies is nearly constant and equals452.25). Its imaginary patrt,
related to absorption, is negligible. Glass, therefor&raissparent.

The dielectric constants of metals, however, depend styamy optical frequency.
They also tend to be highly absorbing and re ecting at visi@dhd infrared wavelengths.
Many metals (but not all) can be well described by a simpleehddveloped by Drude. [34]
This model assumes a gas of independent electrons that caat‘freely” and scatter with
phonons, electrons, lattice defects or impurities with miemn average relaxation time
¢ The dielectric constant is given by

. 2
(Zstatic 1 zhigh)! p
12+ %l

2(1) = 2pign i (1.2)

with ! ; the so-called plasma frequency atyl= 1=¢ the electron relaxation rate.
2static IS the relative permittivity at zero frequendy;gn includes the contribution of the
bound electrons to the polarizabilitys.sic is equal to 1 if only the conduction band
electrons contribute to the dielectric constant.

The most commonly used data from literatureZare the tables in Palikslandbook
of Optical Constant§35] and the tables by Johnson and Christy [36]. As an exanae,
have plotted the real and imaginary part of the dielectrigstants for silver (triangles)
and gold (circles) as a function of photon energy in the motémd top graph of Fig. 1.1.
Fits of the Drude model to the data at low frequencies are sraswvell. It is clear that
for Ag and Au, the Drude model fails at energies below 3.8 a2de¥, respectively. At
these frequencies, in addition to the free electrons, &txait of electrons from deeper
bands into the conduction band (interband transitions)ritarie to2 as well.

For particles with dimensions smaller than the mean frele pitthe conduction elec-
trons, the dielectric constants become size-depend€htR ). The scattering of the
conduction electrons at the surfaces can be taken into atbyuan additional damping
term proportional to the Fermi-velocity: (about 1.4 nm/fs in Au and Ag) divided by
an effective lengtiRes; . [37] The effective length can be the particle radius in cafsa
sphere, or the shell thickness in case of metal shell pastidihus,

® = 0+ AVE=Ress (1.3)
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Figure 1.1: Real (bottom) and imaginary (top) part of the dielectric constants for bulicikcles)
and Ag (triangles) as tabulated by Johnson and Christy. [36] The sol&ldm®y the Drude model
for Auwith ! , = 1:35£ 10'® rad/s,® = 1:25£ 10" Hz, 2gtac = 10:54and2pgn = 9:54. For
Ag (dashed lines),p = 1:72£ 10% rad/s,> = 2:3£ 10" Hz, 25aic = 6:18and2pjgp = 5:45.

in which A is a dimensionless parameter, that depends orefadlslof the surface scatter-
ing process (e.g., defects, grain boundaries, chemicaffate effects); it is usually set to
unity. [37] The additional damping term results in an inseaf the imaginary part with
respect to the bulk value, the effect being larger at lowatqh energies. This results in
a broader and a less structured extinction spectrum [38].

The use of this correction term yields a better corresporel&etween calculations
and ensemble measurements. However, the use of this geadient dielectric con-
stant is under debate. For example, Nehhl. concludes from the narrow line width
of the scattering spectra of single Au-shell particles th&rfacial electron scattering
does not contribute signi cantly to the observed ensemiple width in ensemble mea-
surements. [39] Another article that reports on dieleatnostants measured on single
Au patrticles by differential interference contrast mi@aogy, however, shows that a large
scattering rate should be included to account for the dissrey between the measured
result and the size-corrected optical constants of Au frohmdon and Christy. [40]

1.3 Light scattering and absorption

The temporal and spatial evolution of the interaction ofifigrith matter is described by
electrodynamics. Light is represented by an electromagnetve that travels through a
polarizable medium, and is modi ed by the polarization itlutes in the medium. The
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ease with which the medium is polarized is speci ed by theapgehbility.

A quantity that is more related to optical transmission measents than the polar-
izability is the extinction cross section, which is a measat the amount of light that
is extinct by the particle, either by absorption (transteheat) or by scattering (reradi-
ation). For very small particles, the contribution of sedtig to the extinction is small
compared to the absorption. Then, the polarizabfitgnd the extinction cross section
Cext are directly related b€y = Caps = KIm [®] with k = 2%2=_ the wavevector.

In the beginning of the 20 century, Gustav Mie solved Maxwell's equations for
an electromagnetic light wave interacting with a sphergWhen applying the correct
boundary conditions for a sphere, the calculations gaveiessef multipole oscillations
(dipole, quadrupole, etc) for the extinction and scattgross section of the particle as
function of particle radius. With this result, and the asption that the macroscopic,
frequency-dependent dielectric constants of the bulk nateould be applied to a small
metal sphere, he was able to explain the beautiful colortagied glass.

1.3.1 Small metal particles

For very small particles, the elds can be considered homegas (constant) over the
particle, and only the low-order modes contribute to theénexibn. Then, the situation
can also be considered as a particle placed in a unifaatic electric eld (quasistatic
regime). The theory by Mie only describes the response oharsp but can be easily
generalized to ellipsoids in the quasistatic regime. Foelipsoidal metal particle, the
polarizability®is given by: [34]

2: 2

®=4Yi3V | m 1.4
N T3LE (1.4)

with 2 and?,, representing the dielectric constant of the metal and thregnding medium,

V the volume of the particle and; a geometric factor that depends on the semi-axes of
the particle. The sum of the geometric factarsis 1, and for spherek; = % For an
anisotropic particle, the geometric factor for light patad along the long axis of the
particle is less thag.

The polarizability is largest when the denominator in Eaqurat1.4) equals to zero,
l.e., forz = (1 i 1=L;)2,. Then, the particle is excited on resonance. The frequency a
which the resonance occurs depends strongly on shapsg (iye properties of the metal
(3) and of the surrounding mediuri{), as directly follows from Equation (1.4).

The effect of the optical constants of the metal and the sadimg medium on the
polarizability is illustrated in Fig. 1.2. The solid line ®hs the calculated extinction
spectrum of a spherical Au particle with a diameter of 50 nnwater. The peak in
extinction is found at a wavelength of about 520 nm, i.e.egright is absorbed, giving
the particles their red color. The spectrum of a Ag spherdefsame size in the same
medium is also shown in Fig. 1.2 (dashed line). The extimgeak is found at a smaller
wavelength (at 420 nm), a direct consequence of the difetietectric constants for Ag
than for Au (see Fig. 1.1). Changing the embedding mediumadsesginstead of water
(i.e., 2, from 1.45 to 1.33) causes a peak shift for Ag by about 25 nm @ssé-dotted
line). The glass effectively screens the surface chargadtieg in a smaller restoring
force and thus to a lower resonance frequency.
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Figure 1.2: Calculated extinction spectra of Au spheres (solid line), Au rods (dottepldimeé Ag
spheres in water (dashed line) or silica (dash-dotted line). The refantex of silica is taken as
1.45, the radius of the particles is 25 nm. The rods have aspect ratio of 2 \eitlyth of 80 nm.

The plasmon resonance frequency can be further tuned byicizatine shape of the
particle. As an example, the extinction spectrum of a gottlinowater with size aspect
ratio of 2 (length 80 nm) is shown in Fig. 1.2. The spectruniguated by the T-matrix
method, [41] is averaged over all orientations of the plrticTwo distinct peaks are
observed: a small peak at about the plasmon resonance otitephere and a large peak
at a wavelength of 605 nm. The large peak is related to theeeme that corresponds to
the excitation of a plasmon mode along the long axis of thegbar For this longitudinal
excitation, the eld-induced charges are separated ovargel distance with respect to a
sphere with the same volume. The restoring force is thuslenzald hence the resonance
frequency is red-shifted. A similar argument with incregsiestoring force can be used
to explain that the resonance frequency correspondingdiba¢ion along the short axes
of the rod (transverse excitation) is slightly blue-shdffen this case by about 5 nm).

1.3.2 Linear arrays of small metal particles

Tunability of the plasmon resonance is also obtained inrabses of coupled nanoparti-
cles. For example, the extinction spectrum of a linear anfagmall closely-spaced metal
particles can show two plasmon excitation bands resultimg £lectromagnetic coupling
between neighboring particles. [42, 43] When incident lighgolarized transverse to the
array axis, repulsion between like surface charges on hergig particles increases the
energy required to drive a resonant oscillation and theeefesults in a spectral blue-
shift. Conversely, attraction between nearby unlike serfatarges under longitudinally
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Figure 1.3: Optical extinction of solid Au particles in water (solid lines) calculated for three
particle radii: 50 (top), 100 (middle) and 150 nm (bottom). Data for silicafar-shell particles
are also shown. The shell thickness is varied from 5 nm (dotted line)yl@ash-dotted line) to
15 nm (dashed line). A thin shell results in a strong coupling between plasatdhe inner and
outer surface of the metal shell.

polarized incident light will result in an extinction rethi.

Numerical calculations by Quinten and Kreibig for linearags of small Ag spheres
showed that the peak splitting depends on the nearestbmmighstance and the num-
ber of particles in the array. [43] The largest peak splittis observed for arrays with
almost touching spheres. For larger inter-particle distarthe peak splitting decreases,
and vanishes for distances larger than 6 particle radii.

1.3.3 Large metal particles

The optical properties of metal nanoparticles are alsoenced by particle size. For in-
stance, for metal particles larger than about 30 nm thevelabntribution of scattering to

the extinction (sum of absorption and scattering) increagéth increasing particle size,
higher order plasmon modes appear in the extinction spactithe plasmon resonance
band of the dipolar mode shifts towards the red and its bagttiwncreases. Higher-

order modes can be observed in the spectrum and become nmoneaghd. This can be

explained by the fact that for larger particles the lightroatrpolarize the particle homo-
geneously and retardation effects lead to a gradient ofldatremagnetic eld, that can

excite higher order modes.
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This effect is illustrated in Fig. 1.3, where the solid limepresent the calculated ex-
tinction spectra for a Au particle in water, with a radius & @m (top panel), 100 nm
(middle) and 150 nm (bottom). For the R=50 nm particle, th&kpealready red-shifted
compared to the R=25 nm Au patrticle in Fig. 1.2 (peaks at 570 mh580 nm respec-
tively). For the larger particles the red-shift becomegéarand also quadrupole modes
(R=100 nm, R=150 nm) and the octupole mode (R=150 nm) are visible

1.3.4 Metal shell particles

The optical response of spherical core-shell particles)pmsed of a dielectric core and
a metal shell can be calculated by the Mie formalism usingettiension by Aden and
Kerker. [44] In these particles, plasmon modes can be ekoiteboth the inner and outer
boundaries of the shell. Coupling between these surfacenplasnodes results in split-
ting of the plasmon resonance into two new plasmon resosaadew-energy mode with
the inner and outer shell surfaces symmetrically polatiaed a high-energy mode with
the inner and outer shell surfaces oppositely polarizesl.48] The symmetric mode has
a large net dipole moment and can interact strongly with aident optical eld; the
antisymmetric mode does not couple strongly and therefomet observed in the optical
spectrum. The shift in plasmon frequency is determined lycibupling strength and
increases with decreasing metal shell thickness.

Figure 1.3 demonstrates the effect of metal shell thicknagte extinction spectrum
for spherical particles with a total radius of R=50 nm, 100 md 450 nm in water. The
graph shows that silica-core/Au-shell particles have gsleifted spectra compared to a
bulk gold particle of the same size, with a larger globaltdbif thinner shells. The higher
order multipole modes, clearly present in the spectra fotighas with radii of 100 nm
and 150 nm, are also red-shifted due to coupling of the saifid@smon modes at the
inner and outer surface of the metal shell. An increase ofdlative peak height of the
dipole mode compared to the higher order multipole modebsgiwed for particles with
thin shells.

For metal shell particles, the plasmon frequency can thuared over a large wave-
length range by changing the relative size of the inner anergadius of the shell.

1.4 lon beam irradiation

Nowadays, a versatile and widely used tool to modify the pridps of materials is ion
irradiation. For example, semiconductor materials areteéally and optically doped by
ion implantation, and structures are fabricated on a nammitrometer scale by use of
focussed ion beams. Large electric elds are used to acteleharged atoms to energies
of typically 10 keV or more. lons gradually loose their enegs they travel through a
solid, both from collisions with the target atoms (nucletmpping) and electronic exci-
tations and ionization of atoms (electronic stopping). Tdss of ion energy, stopping,
depends on the ion species, the ion energy and the targetiahdtr]

Most structural changes are caused by nuclear collisionee she incident ion can
transfer a large fraction of its energy to target atoms. &€l@ems can be displaced from
their original positions, resulting in the creation of detfe sputtering of atoms from the
surface, and amorphization of crystalline materials.
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Figure 1.4: Electron microscopy image of a silica colloid (d = in) after ion irradiation with

6 MeV Au ions to a uence of 6.5 10 cmi 2. The ion irradiation induces an anisotropic shape
change: the initially spherical colloid (indicated by dashed circle) defortosaim oblate ellipsoid.
Scale bar is 1 micron.

For ions with very high energies (typically MeV or highefgetelectronic stopping
is relatively large compared to the nuclear stopping. Thiesjons travel along a more
or less straight path through the target material, depmsnergy in a very narrow re-
gion around this ion track by electronic excitations. Thaperature of this cylindrically
shaped ion track with a diameter of typically a few nanongetan easily exceed the melt-
ing temperature. The resulting thermal stress in comlnatith the reduced viscosity
leads to shear relaxation, that is frozen in upon rapid ogatif the ion track. The net
effect is an anisotropic shape change. This plastic defoomaffect has been observed
for amorphous materials (insulators, semiconductors dalireeglasses) under MeV ion
irradiation [48-54], but not for pure crystalline matesiéike metals, [48, 55] and is well
described by a viscoelastic continuum model. [56, 57]

One of the most striking examples of this phenomenon is tlfierchation of silica
colloidal particles under MeV ion irradiation. [55, 58] tiailly spherical silica colloids
expand perpendicular to the ion beam and contract paraltektion beam changing their
shape to oblate ellipsoidal. This is illustrated in Fig. WHich shows a scanning electron
microscopy (SEM) image of aiim-diameter silica colloid after 6 MeV Au ion irradiation
at 77 Kto a uence of 6.5 10" cm' 2. The initial size of the colloid is indicated by the
dashed circle. A shape anisotropy with a size aspect ratigofrto-minor axis) of 1.9 is
observed at this uence.

1.5 This thesis

The work presented in this thesis focusses on the opticglepties of colloidal systems
composed of a metal (Au, Ag) and a dielectric (silica), witheanphasis on the relation
between shape anisotropy and optical properties. Theitpodf MeV ion irradiation is

used to modify the optical properties of the materials. Tasis is divided in three parts.
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Part I: Colloidal masks

Nanosphere lithography is known as a relatively simplenagpie to create metal particle
arrays on a substrate by evaporation through a mask of dallparticles. One limitation
is that the size of the metal particles is determined by the i the colloids in the mask.
Part | of this thesis presents two different methods to @batnd decouple the nanopatrticle
size from the size of the colloids in the mask. In Chapter 2jn@diation is used to cause
an in-plane expansion of the silica colloids in the maskiehg decreasing the hole size.
Chapter 3 shows that the hole size can also be decreased byevaical growth of a
layer of silica on top of the mask. In both cases, the size®hities can be controlled at
the nanoscale. Chapter 2 also shows that optical tweezetseaased to position colloids
in an arbitrary geometry. The masks created in this way can tie modi ed by ion
irradiation.

Part Il: Metal cores

The MeV ion deformation process of metal cores in silicauslgd in Chapter 4. While
single Au colloids do not show deformation, the presencesiiiea shell induces a shape
change in the metal. Both in a core-shell structure and in tiis, spherical Au parti-
cles become prolate ellipsoidal with the long axis in thedion of the ion beam. The
metal deformation only occurs above an electronic energy tbreshold in the silica of
» 3.3 keV/nm. Silver cores embedded in silica do not show edtog, but rather disin-
tegrate. The results in this Chapter indicate that solytelitects are likely to play a role
in the deformation mechanism of the core-shell composite.

Another system, Ag particles embedded in ion-exchangea-boe glass, is de-
scribed in Chapter 5. The plasmon resonance band of Ag frtiol soda-lime glass
splits upon MeV ion beam irradiation at an angle of 8dth the surface normal. Trans-
mission electron microscopy shows arrays of particlesaligalong the direction of the
ion beam, The splitting of the plasmon peak is ascribed tatrelmagnetic coupling be-
tween the particles along the arrays. This effect is condraad further studied by full-
eld nite difference time domain (FDTD) calculations, psented in Chapter 6.

Part Ill: Metal shells

Chapter 7 presents the effect of ion irradiation on siliceeametal-shell colloids. The
metal shell colloids change shape from spherical into eld#Hipsoidal. The shape change
is attributed to the ion-induced anisotropic deformatioocess in the amorphous silica
core, while the deformation is counter-acted by the medamionstraint of the metal
shell.

In Chapter 8, the optical properties of silica-core/Au-kbelloids are studied by ex-
periments and calculations. For spherical Au-shell cdpthe effect of small changes in
the core radius and shell thickness was investigated bytibalculations. For parti-
cles with a size comparable to the wavelength of light, thi# shthe plasmon resonance
frequency is found to be relatively complex as phase retamand plasmon coupling (at
the inner and outer surface of the metal shell) can have appeféects. Oriented oblate
ellipsoidal Au-shell particles were made by ion irradiatiith aspect ratios up to 1.8.
Angle-dependent extinction measurements show that tldvwelstrength of the dipole
to higher-order modes can be tuned by changing the anigotbthe particle and the
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angle of incidence. Comparison to T-matrix calculationsiargood agreement with the
experimental data.

Chapter 9 shows that Au-shell particles with a diameter coaipa to the wavelength
of light can sustain resonances with electric eld enhaneet®s over a large volume in
the dielectric core. The resonance frequencies found inDrBdlculations correspond
to peaks in the absorption spectra calculated by the T-xnatathod, and depend on
the size, dielectric constant and shape of the dielectnie.cdhe concept of a cavity
mode is supported by the resonance blue-shift for longialdind red-shift for transverse
polarized light.

Finally, Chapter 10 reports on several possible applicatiomanophotonics, sensing
and medicine, taking advantage of the shape control exgiarthis thesis.
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Colloidal masks






Modi cation of colloidal masks by
optical tweezers and ion irradiation

A method is presented to control the in-plane ordering, armtinterparticle distance of
nanoparticles fabricated by evaporation through a maskltfidal particles. The use of
optical tweezers combined with critical point drying givesgle-particle position control
over the colloidal particles in the mask. This extends thengetry of the colloidal masks
from (self-organized) hexagonal to any desired symmetdysppacing. Control over the
mask's hole size is achieved by MeV ion irradiation, whichiges the colloids to expand
in the in-plane direction, thus shrinking the size of theelsol After modi cation of the
mask, evaporation at different angles with respect to thekngives additional control
over structure and interparticle distance, allowing namtges of different materials to
be deposited next to each other. We demonstrate large afraystal nanoparticles with
dimensions in the ;530 nm range, with control over the interparticle distancd &mn
plane ordering.
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2.1 Introduction

Arrays of nanopatrticles can nd applications in photonieotronic, magnetic and sensor
devices. [17, 26, 59—-62] Conventional methods used to fateristructures of nanoparti-
cles (like electron beam lithography) are complex, expensand time consuming. An
alternative method to create arrays of small particles anbatsate is hanosphere lithog-
raphy (NSL). This technique was pioneered in the early 1988, 64] and was further
developed by several groups. [65, 66] In NSL, a self-orgashiayer of colloidal spheres
is used as a mask for a lithographic step like illuminatiogpakition or etching. When
used as a deposition mask, an array of particles is left oisubstrate after removal of
the colloidal mask. NSL is a simple, fast and inexpensivenweto create large arrays of
particles on a substrate. Typical feature sizes after rahmfthe mask are 100 nm and
above. Arrays of metallic nanoparticles created with NSlrengsed to study plasmonic
resonances [67] and to fabricate plasmonic sensors. [68&s patterned with colloidal
masks have also been used for catalyzing the growth of naeos (e.g., of carbon [69]
and ZnO [70]) and for selective protein adsorption. [71] Bloomplex structures of par-
ticles can be created using multiple depositions at diffeengles and by rotating the
sample during deposition. [67, 72]

Nanosphere lithography has two major disadvantages. fg3;i6stly, the geometry
of the mask of colloidal particles is limited since it is dec by self-organization: for a
single layer the only structure is hexagonal close packedo&lly, the size and spacing of
the mask holes are coupled, and thus these properties cha matependently controlled.

In this paper we present a combination of two methods to vesthlese limitations
of nanosphere lithography: we create colloidal masks witltrary geometry using op-
tical tweezers, and tune the shape of the mask using ioniatrad. In this way, the
in-plane ordering as well as the size and interparticleadise of nanoparticles formed by
evaporation through the mask can be controlled. Recenttyptiver methods have been
developed to control the size of the holes independentiw filee size of the colloids in
the mask. [72] [Chapter 3]. For a recent review article, see [R8].

2.2 Experimental

To create masks with arbitrary geometry, glass or silicdrssates were given a posi-
tive surface charge and then patterned with negativelygethacolloidal silica particles
using optical tweezers. [74, 75] Glass microscope coveesl{diameter 19 mm, Chance,
thickness #1) and Si(100) wafers were used as receivede Bubstrates were immersed
in a mixture of 170 mL ethanol and 4.5 mL ammonia (29 wt.-%).edt23.5 mL 3-
aminopropyl triethoxysilane was added and the substrateletao react for 1.5 hours
under stirring. All chemicals were analytical grade, obeal from Merck, and used as
received. The substrate was then taken from the mixtureiasdd with ethanol. A sam-
ple cell was prepared by sandwiching a drop of colloidal elispn between a (uncoated)
glass microscope cover slide and a coated substrate. Sditiles with a diameter of
1.02m or 1.4' m and a polydispersity less than a few percent were syneéesiging

a Sbber growth process and subsequent growth steps using dsetlescribed in detail
elsewhere. [76—78] The size and polydispersity were detehusing scanning electron
microscopy (SEM, FEI XL30 SFEG,j115 keV) on several hundreds of particles. Op-
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Figure 2.1: Colloidal masks made with single-particle position control using optical tweeaed
then modi ed with 4 MeV Xé* ion irradiation. (a) SEM image of 1:0m diameter silica particles
positioned on a glass substrate using optical tweezers. The sample whaginig critical point
drying and covered with a 10 nm thick silver layer by thermal evaporatibj.After removal
of the particles with sonication, the structure of the mask was replicated onlistrate. (c)
1.4* m diameter silica particles positioned with square symmetry. (d) Same strudemre@inal-
incidence irradiation with 4 MeV X¥ ions to a uence of 2.8 10*® cmi 2 at 90 K. The in-plane
expansion of the colloidal particles can be tuned by varying the ion uerfe® Side-view of
an array of ion beam deformed 1:4n diameter silica colloids (4 MeV X&, 2.0€ 10 cmi 2)
imaged at an angle of £Qvith respect to the substrate. Not only the silica particles but also the
glass substrate was deformed. The size aspect ratio of the particlesAwé Side-view (at 18)

of a ion beam deformed 14m diameter silica colloid (4 MeV X&) on a silicon substrate. Note
that the silicon substrate did not deform, while the silica particle deformed dg.i2.E(e). Scale
barin (a-e)is2m; (f) 1t m.

tical tweezers were used to position negatively chargeldidal particles, taken from a
reservoir at the bottom of the sample, on the positivelygbadsubstrate. [74] The optical
tweezers setup is described in detail elsewhere. [79]

2.3 Results and discussion

This optical tweezers method allows masks to be createdaaititrol over the position
of single particles. After patterning, the sample is rentbfrem the solvent using crit-
ical point drying (CPD, Bal-tec; CPD 030) to prevent capillanydes from breaking up
the structure. [75] Figure 2.1(a) shows a SEM image of a dslibé array of 1.0 m
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diameter silica particles on a glass substrate after patigrand drying. The average
centre-to-centre distance between the colloidal pagialighin each line was 1.2m. A

10 nm thick silver layer was deposited onto the colloidal knlag thermal evaporation

at a base pressure of £.30 ¢ mbar. The same section of the substrate is shown in
Fig. 2.1(b) after the mask was removed by sonication in ethaDlearly, the mask was
replicated in the silver layer on the substrate. The metleodle used to create more
complex masks in which colloidal particles of differentesishape, and composition can
be incorporated. [79, 80]

Additional control over the mask's dimensions can be aadely ion irradiation.
As we have shown earlier, under irradiation with an MeV ioarandividual colloidal
particles expand in the plane perpendicular to the ion beagnsarink parallel to the
ion beam. [58] This plastic deformation effect can be useite the size and shape of
the holes in the colloidal deposition mask. Figure 2.1(ovwsha SEM image of a cubic
mask pattern created with optical tweezers and CPD on a gldxsiérate. The center-
to-center distance between the 1. diameter silica particles was 1'6n. The same
structure is shown at the same magni cation in Fig. 2.1(tBrafradiation, perpendicular
to the substrate, with 4 MeV X& ions to a uence of 2.8 10*® cm 2 using a 1 MV van
de Graalff accelerator. During irradiation the sample wampled on a copper substrate
that was cooled to 90 K using liquid nitrogen. The base pmresduring irradiation was
5£ 10' " mbar.

Clearly, the ion beam induced deformation has dramaticdliyrk the size of the
holes between the colloids. The diameter of the particlegusside the structure (marked
with an arrow) increased from 1%4m to 2.0 m. When the deforming spheres in a mask
come into contact the deformation becomes a collectivega®and the nal dimensions
are determined by the combined deformation of interactoitpicls. This can be clearly
seen in Fig. 2.1(d) where the shapes of the colloidal pagiahd the holes depend on their
position in the mask. In Fig. 2.1(d), the centre-to-cenistashce in the mask pattern is
1.8* m, much larger than the original spacing of 11® [Fig. 2.1(c)]. This indicates that
during irradiation the expansion of the interacting calcaused an overall expansion
of the mask domain, with colloids sliding over the substr&tar large domains, buckling
of the colloidal mask was observed in some cases, which wibla# to large in-plane
stresses resulting from the deformation. [52]

A more open structure of silica particles is shown in Fig(&)Jat a viewing angle
of 10* with the substrate. The colloidal mask was irradiated wiB£20'° 4 MeV Xe*t
ions cm 2. The average penetration depth of these ions in colloitlahsivas calculated
to be 1.7 m, using TRIM98, a Monte Carlo simulation program. [47] Theesaspect ra-
tio (major over minor axis) of the colloidal particles in theask increased from 1 to 3.4.
From Fig. 2.1(e) it can also be seen that the glass substeéfdented under irradiation,
leading to the formation of a pedestal centered under edtdiccdNe attribute this to in-
homogeneous anisotropic deformation of the substraterahdenask. For 4 MeV X& ,
the energy remaining after penetration through the ceriteecolloid is only 0.85 MeV.
As the deformation rate increases with ion energy, [53] tinvardy force for in-plane ex-
pansion of the substrate surface layer under the colloidd®much smaller than under
the holes (where the ion energy is 4 MeV). This can lead to stiplahape deformation
of the glass substrate that causes formation of pedestdés each colloid.

To verify this hypothesis, a glass substrate covered witht in diameter colloidal
particles was irradiated with 30 MeV €uions (8.F 104 cm' ?) using a 6 MV tandem
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Hole size mask (nm)

Fluence (10" ions/cm?)

Figure 2.2: Dependence of hole size on 4 MeV %®eion uence. A two-dimensional hexagonal
mask of 1.4 m diameter silica particles on a silicon substrate was irradiated with 4 M&V Xe
ions. The size of the holes gradually decreased until the holes were dcemplesed. The insets
at the top of the image show SEM images of the mask at uences of 8,18, 6.5 10'4, and
12£ 10 ions cm 2; corresponding hole sizes were 400, 330, 137, and 0 nm, respgciie
arrows indicate the uences at which the images were taken. The inset Invilee left corner
shows how the hole size is de ned. All scale bars are 500 nm.

accelerator. The average penetration depth of these ionsaleulated to be 8’'6m. [47]
At this high energy, the relative energy loss through théoats is small, so that the
substrate is irradiated at a nearly uniform energy. Indeeder these conditions the
substrate was found to stay at.

The substrate deformation observed for 4 MeV*X@radiation can be avoided by
using silicon as a substrate. Crystalline Si rapidly becoarasrphous under 4 MeV
Xe* irradiation, and as we have recently shown, [54] the arepiatrdeformation rate of
amorphous silicon is about 10 times smaller than that afailindeed, (amorphized) sil-
icon substrates covered with .4n diameter silica colloids stayed at for an ion uence
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of 2.0E 10'° Xe** cmi 2. Figure 2.1(f) shows a silica particle on a silicon substidter
irradiation with intermediate ion uence. It can clearly been that the silicon substrate
remained at while the deformation of silica particle is cparable to that of the particles
in Fig. 2.1(e). While the formation of pedestals may be cagrgid as unwanted (and
can be avoided as we have shown above), we note that ellgismtioidal particles on a
pedestal may nd use as arrays of (coupled) optical mickamasors. [81]

The dependence of the size of holes in a colloidal mask onafeuience was de-
termined for a two-dimensional hexagonal lattice of clpaeked 1.4 m diameter silica
particles on a silicon substrate. The mask, with crystllilomains with dimensions
between 20 and 50m, was formed by self-organization during slow evaporatibma
drop of a colloidal dispersion on a silicon substrate. DgidnMeV Xe&** ion irradiation
the sample was gradually moved along theE2% cnt aperture through which the ion
beam was scanned. A linearly varying ion uence ranging froeno to 1.Z 10*° ions
cm 2 across the sample area was thus created. Hole sizes wemnmitets at least ve
or six rows of particles away from the domain edges and arageeover ve holes was
taken. We de ne the size of a hole between three colloiddiglas in a hexagonal close-
packed mask as the smallest distance between the point whegarticles touch and a
point on the surface of the third colloidal particle (seeitiset in the lower left corner of
Fig. 2.2(a)). As can be seen in Fig. 2.2, the hole size deeseagh ion uence, as a re-
sult of the increased in-plane particle expansion. Thesrisehe top of Fig. 2.2(b) show
an unirradiated section of the mask, and sections irradiiatéh 3.3 10'4, 6.5 104,
and 1.Z 10" ions cm 2. The corresponding hole sizes are 400, 330, 137, and O nm,
respectively. Small variations in hole size observed ath eaence are attributed to poly-
dispersity in colloid size.

To demonstrate that the ion beam deformed colloidal maskbeamsed to fabricate
nanostructures, a 30 nm thick gold layer was deposited bstrele beam evaporation
(base pressureEl10' 8 mbar) onto various ion irradiation-modi ed hexagonal masol-
loid diameter 1.4 m, 4 MeV X&"*). Subsequently, the colloidal mask was removed by
sonication. As a reference, Fig. 2.3(a) shows a depositiéerpdor an unirradiated mask.
The size of these gold particles was 400 nm. Figures 2.3@ha)v arrays of gold par-
ticles made using masks irradiated atg419'4, 7.7€ 10*4, and 1E 10'* ions cm ?, re-
spectively, leading to gold particle sizes of 229 nm, 119 and 30 nm. The variation
in nanoparticle size isj510%. A high-magni cation image shows a Au dot with feature
sizes between 3520 nm [Fig. 2.3(e)]. As can be seen, for these small partiad®mo-
geneous particle shapes are observed, which are attribmtee nucleation and growth
kinetics. Thermal annealing can remove sharp features @méioe metal nanoparticles
that are close together. [82] Figure 2.3(f) shows a Au plartitat was annealed in air at
ambient pressure at 150 for 30 minutes and subsequently at 250or another 30 min-
utes. The particle shows a more round shape and has becomgle dioplet-shaped
particle with a diameter of about 30 nm.

To further demonstrate the versatility of the combinatiboomtical tweezers and ion
irradiation, more complex nanopatrticle arrays were cebaiesubsequent deposition of
metals at different angles using an ion beam modi ed masuié 2.3(g) shows an array
of “T” structures made through subsequent silver and gofsbdigions through an ion-
modi ed mask, where different depositions were done at tets ®f orthogonal angles.
Three silver particles were created by deposition of 11 nveisat angles of -4.5, 0, and
+4.5 degrees in a horizontal plane in Fig. 2.3(g). Two goldiplas were made using a
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Figure 2.3: Arrays of metal nanopatrticles created with an ion beam deformed madkexapo-

nal array of gold particles with a size of 400 nm, created on a glass sighssiag an unmodi ed
colloidal mask of 1.4 m diameter silica particles. (b) Hexagonal array of gold particles with a
size of 229 nm, (c) 119 nm, and (d) 30 nm created with a mask modi ed with 4 Me¥/ ions.

(e) Image at high magni cation of a Au particle with feature sizes of 15-20 {fijimage of a Au
particle annealed at 15Q and 256C (both for 30 minutes). The patrticle has a more round and
single droplet like shape. (g) Array of “T” structures with three silved &mo gold nanoparticles
created by deposition at different angles on a modi ed mask. (h) Imab&htmagni cation of

a “T” structure. The size of the particles is between 50 nm and 80 nm aindsfaeing is about
135 nm. Scale bar in (a-d, g) is 500 nm; in (e-f, h) 50 nm.

subsequent deposition of 10.5 nm gold at angles of -4.5 arejfeds in a vertical plane
in Fig. 2.3(g). Figure 2.3(h) shows a single “T” structurehaher magni cation. The
size of the core of the deposited features was in the randg30m and the centre-to-
centre interparticle spacing was about 135 nm. The spa@hgden the closest silver
and gold nanoparticles was 62 nm. Annealing of the strugtufFegs. 2.3(g) and 2.3(h),
composed of both silver and gold dots, was not possible duleetaifferent annealing
kinetics of the two metals. However, metal dots in more caxgkructures such as “T”
structures composed of a single metal are expected to clerage after annealing as
shown in Fig. 2.3(f) and reference. [82] Finally, we notetttharing deposition the mask
hole size is gradually decreasing, due to the continuedsiiego of metal on the colloids
in the mask. Thus for very small holes, the total amount ofanitat is deposited for
each particle is determined by a self-limiting process.

2.4 Conclusions

We have provided a solution to two major limitations of ngrteere lithography. The ge-
ometry of the masks is extended from (self-organized) hemalgclose-packed to any
desired symmetry using optical tweezers combined withcatitpoint drying. In the

present experiments colloidal particles were positiomethe mask by manual control,
but the process can be fully automated to achieve a higheraxcas well an increased
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speed of patterning. Control over the hole size (indepenoetite size of the colloids
in the mask) is achieved by ion irradiation, which causesnaplane expansion of the
mask, thus shrinking the size of the holes. By varying the inance the hole size can
be continuously reduced, to arbitrarily small size. In thasy, hole size and spacing can
be arbitrarily controlled. Recently, we have shown that deftion of colloidal spheres
is also effective at ion energies below 300 keV. [53] Accatlers with such ion energies
are readily available. The modi ed masks can be used to eraatys of nanoparticles
with sizes down to tens of nanometers. Evaporation of natatidifferent angles with
respect to the mask gives additional control over strucaumek interparticle distance, al-
lowing nanoparticles of different materials to be arrang@ti high accuracy in a variety
of geometries.
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Modi cation of colloidal masks by
wet-chemical growth

A method is presented, in which the size of the holes in cddlbmasks are modi ed for
nanolithography using a wet-chemical method. A thin layfesilica is grown on masks
of silica particles. The growth mechanism of the silica caatvas found to be diffusion-
limited. The size of the holes can be controlled accuratslggicalibration and a seed
dispersion. Modi ed masks were used for nanolithography after metal deposition and
mask removal, large arrays of nanoparticles were createthgunodi ed arrays of large
colloidal particles (1.4 m diameter), nanopatrticles were created with a size rarfgong
400 nm (for unmodi ed masks) down to tens of nanometers. Ththod is fast, simple,
and inexpensive.
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3.1 Introduction

In nanosphere lithography, a self-organized layer of addlbspheres is used as a mask
for a lithographic step like illumination, deposition ocking. [63—-66, 73] It is a simple,
fast, and inexpensive method to pattern substrates ovge Eeas. In this Chapter, we
demonstrate improvements on this technique and use the edothlloidal masks to
make arrays of noble metal nanoparticles. These arrays tdl iparticles have many
applications, [26, 59, 61] e.g., to study plasmonic resoaan[67] to fabricate plasmonic
sensors, [68] to catalyze the growth of nano- bers, [69, &34 for selective adsorption
of proteins. [71]

Nanosphere lithography also has disadvantages: for exantia size of holes in the
mask are determined by the size of the colloidal particlasfttrm the mask. Therefore,
the size of the features created using nanosphere lithbgrapcoupled to the size of
the colloidal particles in the mask. [65, 66] Recently, ioamedeformation was used to
control the hole size in colloidal masks. [83] [Chapter 2] Cohover the hole size was
also achieved by heating colloidal masks made of polyse/oetioids, and by evaporation
at large off-normal angles in combination with rotation loé sample. [72, 84]

Here we present an alternative method to modify the holeisizelloidal masks for
nanolithography. A wet-chemical method is used to grow a kayer of silica on two-
dimensional close-packed layers of colloidal silica mde8 on a substrate. The layer of
silica decreases the size of the holes in the colloidal még&.investigated the growth
mechanism of the silica coating and show that the size of theshcan be controlled
accurately. Modi ed masks were used for nanolithographigerametal deposition and
mask removal, large arrays of metal nanoparticles werdented)sing modi ed arrays of
large colloidal particles with a diameter of 1L4n, we created nanoparticles with a size
ranging from 400 nm (for unmodi ed masks) down to tens of maeters.

The coating method is based on thél&ir-method [85]: a base-catalyzed reaction of
alkoxy silanes in mixtures of ethanol and ammonia, whichedl tnown for the synthesis
of monodisperse colloidal silica particles. Catalyzed ydmmonia, tetra-ethoxysilane
(TEOS) molecules rst hydrolyze and then condense to formasi In the early stage
of the reaction small silica aggregates are formed. Theatesce until they become
stable, as they grow larger and acquire more surface-ch@ngee stable, the aggregates
grow larger by addition of monomers and small oligomers awbine spherical in shape.
The nal size of the colloidal spheres depends on both the bmmof particles formed
in the early nucleation stage as well as on the amount of TEd®dito the reaction
mixture. The number of particles formed in the stable susioenis a complex function
of experimental conditions and is in general not accuratehtrollable. [76—78]

Recently, this process was modi ed to grow thin silica Ims amacroscopic sur-
faces. [86] Control over the thickness of the layers was &ekli®y addition of colloidal
seeds to the reaction mixture to provide a large surface aean the original Shber-
process, the growth mechanism for the silica layers wasddoibe surface-reaction lim-
ited. [77] As a consequence, the increase in thickness dliba layer on a macroscopic
surface is equal to the increase in radius of the colloidetiggarticles. Using a well-
characterized seed dispersion, silica layers can be graottmnanometer control over
layer thickness. [86] Here we use this method to modify edélbmasks for nanosphere
lithography.
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Figure 3.1: Colloidal masks formed by a layer of close-packed particles (700 nmggadiodi ed
by growing thin layers of silica to tune the hole size. The size of the holes imemated mask
was 400 nm. (a) SEM image of a mask after one coating step, the size of tlserbdieed to
264 nm. The inset indicates the de nition of hole size. (f) Images of colloidal masks after two,
three, and four coating steps. The size of the holes was 152 nm, 104 dB5 aim respectively.
The scale bar is 1m.

3.2 Experimental

Silica particles with a diameter of 134m and a polydispersity of 2% were synthesized
using a Sbber growth process and subsequent growth steps using asedlescribed in
detail elsewhere. [76—-78] The size and polydispersity vastermined using scanning
electron microscopy (SEM) on several hundreds of partichesalytical grade ethanol,
ammonia solution (29 wt.-%) and tetra-ethoxysilane (TE®&n Merck were used as
received. Si(100) wafers were used as substrates, asedceiv

First, a colloidal seed dispersion was synthesized by adalid60 g TEOS to a mix-
ture of 7.867 g ethanol, 0.787 g water, and 0.715 g ammoniter Ao hours of contin-
uous stirring colloidal silica particles had formed andt15dispersion was taken out of
the reaction mixture. The radius of the newly formed spharéise seed dispersion was
determined to be 3@&38.5 nm. The number density of seed particles in the dispesas
calculated to be 210 mLi L.

Four substrates with colloidal masks were prepared byntgtidrop of ethanol con-
taining 700 nm radius silica colloidal particles evaporaissilicon substrates. Due to cap-
illary forces, the particles self-organized into regioficlose-packed hexagonal mono-
layers. The size of the holes between the particles in tHeidal mask was measured to
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Figure 3.2: The size-increase of the seed particles in the coating mixture (squate#)eanol-
loidal particles in the mask (circles) as a function of amount of TEOS addlbd.size of both
particles increased, although the seed particles grew faster. For@atatgestep, the hole size in
the mask is also indicated. The curve shows the expected relation for fheestgaction-limited
growth model.

be 400 nm. The holes in the colloidal masks were charactebgemeasuring the three
long axes of the hole's triangular shape and averaging overholes [see the inset in
Fig. 3.1(a)]. The four substrates covered with colloidabksawere then immersed in the
ethanol-ammonia mixture containing the seed dispersiahhs&quently, 0.188 g TEOS
was added and after two hours of stirring one substrate ahdl 65 seed dispersion were
taken out of the mixture. Then, 0.178 g TEOS was added to tlkéunsi with the seed
dispersion and the three remaining substrates. After twodh@gain one substrate and
751 L of seed dispersion were taken out. These steps were rej@ate more in which
0.083 g and 0.084 g TEOS were added, respectively.

3.3 Results and discussion

Figure 3.1(a) shows a SEM image at high magni cation of aciddl mask that was taken
out of the reaction mixture after the rst coating step. Adawf silica was grown on the
mask and the size of the holes decreased to 264 nm. This is am36duction of the
hole size compared to an uncoated mask. After the seconmhgdhe size of the holes
was reduced to 152 nm [Fig. 3.1(b)]. After the third and fowbating steps, the size of
the holes was determined to be 104 nm [Fig. 3.1(c)] and 55 rign $=L(d)], respectively.
During the coating steps, a layer of silica was grown on theicial masks, the sub-
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strate and on the seed colloids in the reaction mixture. Mmheease of the size of the
particles in the mask results in a decrease of the hole siteimask. After each growth
step, the size of the seed and mask particles were deterimyraddctron microscopy. The
radius of the particles in the mask was measured on a lineexting the center of the
particle and that of the hole in the mask. The graph in FigsB@wvs the increase of the
radius of both the seed and mask particles as a function drieunt of TEOS added.
The size of the holes in the mask after each growth step isia¢Boated in the graph.

With more TEOS added, the size of the seed particles inaleasee rapidly than the

size of the particles in the mask.

The Stber growth of silica colloids is well described by a surfaeaction-limited
model, in which the growth rate is limited by condensatiormydrolyzed monomers on
the particle surface. [77, 87] The change in particle volusnthen proportional to the
square of the particle radius, and the increase in partadeuis will be independent of
size. In contrast, the growth rate in diffusion-limited @th is limited by the transport
of monomers to the particle surface, the growth in partickeime is proportional to the
radius of the particles. The observed difference in groath for seed and mask particles
in Fig. 3.2 indicates that the silica growth on mask particéemore diffusion-limited than
reaction-limited. Although diffusion-limited growth meathat the layer thickness grown
on the colloidal mask will depend on geometrical propertiethe mask, which will be
different for different samples, accurate tuning of theesi the holes is still possible
when a calibration curve is determined.

For seeded growth, it was shown that the amount of TEOS tlatdhe added to
increase the radiuR; to R; is related to the volume of TEO®, needed to prepare the
particles with radiufy: [77]

A !
HRzﬂz

Vreos = V1 i1 : (3.1)

R1

Here, it is assumed that all the added TEOS grows on the myiparticles and that the
density of the added layer is the same as that of the coreclgarfihis formula can be
applied to the growth of the seed colloids, as the surfaceiged by the substrates with
the masks is negligible. The result, wiy = 374 nm as determined by SEM, is shown
by the solid line in Fig. 3.2, and shows a good agreement \néfdata.

The modi ed masks were then used for lithography. Figurged.8hows an array of
gold nanoparticles created by deposition of 25 nm Au on a reddiolloidal mask by
electron beam evaporation at a base pressur€ @018 mbar. After subsequent removal
of the mask by sonication in ethanol (Branson Ultrasonic Gdeamodels 2510E and
8510E), an array of Au nanopatrticles was left on the sulest@dmetimes, masks coated
with a thick silica layer were found to be hard to detach fréma substrate. The size of
the nanoparticles in Fig. 3.3(a) was determined to be 70 mnceShe substrate was also
coated during the coating, the metal nanoparticles werediigal on a thin layer of silica.
Where the colloidal mask touched the silicon substrate ntad®ns in the silica Im can
be seen.

To investigate the height-pro le of a sample, an array of Aartigles was imaged
using an atomic force microscope [Fig. 3.3(b)]. The Au uées had a lateral size of
310 nm. Height pro les recorded on the two dashed lines iai@id in Fig. 3.3(b) are
plotted in Fig. 3.3(c). Each line shows two Au particles oa #ilica layer on top of the
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Figure 3.3: (a) SEM image of an array of gold nanopatrticles created by depositidhmmiizAu on
a modi ed colloidal mask and subsequent mask removal by sonication o&thple. The in-plane
size of the nanoparticles was 70 nm. (b) AFM image of an array of Au pat{@80 nm) on a
silica layer. The holes in the silica layer are caused by the patrticles in the miasg the coating.
(c) Height pro le over two Au particles on the silica layer on the silicon sudistr The thickness
of the Au particles was 27 nm while the silica layer has a thickness of 29 nmpdgitgon where
the pro le was taken is indicated in Fig. 3.3(b) with a dashed line. The scaseara 1t m.

silicon substrate. On average, the height of the Au pagialas 25 nm while the silica
layer had a thickness of 29 nm. For many applications, theegmee of silica on the
substrate poses no problem. However, modi cation of théasercan be prevented when
the method is used on freestanding colloidal masks thaharettansferred to a substrate
for lithography. [66] We have shown previously that silieade grown on many different
materials (including latex spheres) using the polymer @waylpyrrolidone), so that this
modi cation method can be applied to a variety of substraies colloidal masks. [88]
Another method to modify the size and shape of the holes engiv Fig. 3.4(a). [89]
It shows a zoomed-in SEM image of small silica particles gnablarger ones. The small
particles modify the size and shape of the hole in the maskrgel particles. A 20 nm
thick Ag layer was deposited on top of the mask. Figure 3.4(lows the substrate after
the mask was removed. The three elongated Ag particles éleftih oriented at an angle
of 120 degrees) were created through a hole in the mask tlsaparéially blocked by a
small particle. The small Ag particle on the right was defaasthrough a hole, which was
modi ed by three patrticles in a hole in the mask. Using coléisb-drying methods, [90]
large areas of binary crystals can be created that can theseloeas masks for nanolithog-
raphy. [65, 91] The irregular shape of the small metal pkegias observed in Fig. 3.4(b)
are attributed to a combination of nucleation and growtlekas and imperfect wetting
of the substrate by the metal. Thermal annealing makes #ygeshmore regular [82] as
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Figure 3.4: (a) SEM image at high magni cation of an arrangement of small silica partiales o
top of larger ones. The small particles modify the size and shape of the htile imask. A
20 nm thick layer of Ag was deposited on the mask. (b) Ag particles creatéueosubstrate by
evaporation through a mask of large and small particles. The scale b&k$ .

was also shown in Chapter 2.

3.4 Conclusions

In conclusion, we developed a method to modify the hole sizekoidal masks used for
lithography. A mask is coated with a thin silica layer in thhegence of a seed dispersion
of silica colloids. This method allows accurate tuning of &ize of the holes by the
amount of TEOS added. As an example, the modi ed masks weze tescreate arrays
of metal nanoparticles. The method is inexpensive, singrd,fast. The method can be
used in combination with the techniques described in Chapter
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MeV ion beam deformation of metal
colloids in silica

The deformation of metallo-dielectric core/shell colwid studied under 4 MeV Xg,

6 MeV Au**, 30 MeV SP*, and 30 MeV C&" ion irradiation. In colloids consisting
of a Au core and a silica shell, the silica expands perpetalida the ion beam, while
the metal core shows a large elongation along the ion beagutidin, provided the silica
shell is thick enoughX 40 nm). A minimum electronic energy loss of 3.3 keV/nm is
required for shape transformation of the metal core. Sibmes embedded in a silica
shell show no elongation, but rather disintegrate. Alsolamar SiQ Ims, Au and Ag
colloids show entirely different behavior under MeV irratibn. We conclude that the
deformation model of core/shell colloids must include induced particle disintegration
and solubility effects, possibly in combination with menltal effects driven by stresses
around the ion tracks.



34 CHAPTER4

4.1 Introduction

Amorphous materials subject to MeV ion irradiation can ugdeanisotropic plastic de-
formation at constant volume. [48] The deformation is welscribed by a viscoelastic
model, in which the thermal expansion of the cylindricalyaped high-temperature ion
track region causes shear stresses that relax by viscoysvitkvthe viscous strains sub-
sequently frozen in upon rapid cooling of the ion track reg{66, 57] The deformation is
induced by electronic energy loss, and thus occurs mostegftly with ions in the MeV
energy range.

One of the most striking examples of this effect is the deftdrom of colloidal parti-
cles under MeV ion irradiation. [58, 92] Spherical silicdloms expand perpendicular to
the ion beam and contract parallel to the ion beam changieig shape to oblate ellip-
soidal. This ion beam deformation technique provides ausigethod to tailor the shape
of colloidal particles and aggregates. For example, peadipsoids can be made by us-
ing subsequent ion irradiations from different directigia8] Also, the optical properties
of three-dimensional colloidal photonic crystals can bted by ion beam deforma-
tion. [93] And recently, we demonstrated how a colloidal ks nanolithography can
be modi ed by MeV ion irradiation. [83] (Chapter 2)

In general, amorphous materials (insulators, semicowdsior metallic glasses) show
anisotropic deformation under MeV ion irradiation. [49}%1 contrast, pure crystalline
metals do not show anisotropic deformation. [48, 55] Thiattsibuted to the fact that
epitaxial recrystallization at the solid-liquid ion traokerface would restore the initial
crystalline state, without anisotropic deformation. Isl@so been suggested that the ion
track temperature in crystalline metals does not exceeohéieng temperature as a result
of rapid redistribution of the deposited energy in the et@ut subsystem. [94]

Given the entirely different behavior of metals and silitasg under MeV ion irradi-
ation, it is interesting to study the deformation effect @semblies in which silica and
metal are in intimate contact. In this Chapter, we study than@adiation-induced defor-
mation of colloidal particles composed of a metal core withliaa shell. We show that,
while single Au colloids do not show deformation, the preseof a silica shell induces a
shape change on the metal. We compare data for freestaratiedgtoell colloids with the
deformation of Au and Ag colloids that are embedded in a bk Im and with recent
work by D'Orléanset al. on Co colloids in SiQ Ims. [95-98]

The motivation for this work is two-fold. First, metalloalectric colloids form a
new class of interesting building blocks for photonic apaiions that critically depend
on the particle shape. lon irradiation-induced deformmagioovides a unique tool to tailor
the optical properties. Second, studies of metallo-dietecomposites could provide
information on fundamental aspects of ion-solid inte@tdi in both silica and metal.
This paper focuses on the latter.

4.2 Experimental

Au-core/silica-shell colloids were grown using Au collsivith a diameter of 14 nm
as a starting point. These colloids were synthesized viatduiedard sodium citrate re-
duction method. A silica shell was then grown via functiaretion of the Au particles
by polyvinylpyrrolidone, after which the colloids were tisferred into ethanol to enable
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4 MeV Xe&** | 6 MeV Au®* | 30 MeV SP* | 30 MeV Cu*

S S S S S S S S
silica| 1.50 0.79 | 2.47 1.41 |3.34 0.005|5.85 0.04
Au 264 339 482 6.44 | 105 0.02 |16.8 0.18
Ag 280 253 465 470 (86 0.02 |144 0.13

Table 4.1: Overview of electronic and nuclear energy lossesafd S in keV/nm for 4 MeV
Xe**, 6 MeV Audt, 30 MeV SP* and 30 MeV C8&" ions in silica (density 2.0 g/c#), gold and
silver.

Stober growth of the silica shell. [99] Using a similar procge8g cores were coated
with silica. After synthesis, a droplet of the colloidal passions was dried on a Si(100)
substrate under nitrogen ow, so that the typical surfacescage was well below a mono-
layer. For transmission electron microscopy (TEM) analysolloids were deposited on
a 10-nm thick S$N, membrane embedded in a silicon wafer.

Au and Ag colloids were also synthesized in planar Si@s, made by thermal oxi-
dation of a silicon substrate. Multiple-energy Au and Ag lars were used with energies
in the range 4p 200 keV to yield constant Ag or Au depth pro les at a concetitraof
1.6 10°* cmi 3. Spherical colloids were then formed in SiGy thermal annealing at
500°C (Ag) or 1156GC (Au).

lon irradiation was performed using Van de Graaff tandenelgecators in Utrecht,
Montreal and Rossendorf. The samples were mounted onto akcsppstrate holder
that was cooled to 77 K using liquid nitrogen, since the latgmisotropic deformation
is observed at low temperatures. [53, 100] The ion beam wedrettatically scanned
across an area of typically a few énElectron microscopy (SEM:j530 keV, and TEM:
120G, 200 keV) was used to determine the particles' size and shafoeeband after ion
irradiation.

4.3 Results and discussion

4.3.1 Au-core/silica-shell colloids

Figure 4.1(a) shows a TEM image of a spherically-shaped @e/silica-shell particle
with a Au core diameter of 14 nm and a silica shell thicknesgmhm. A TEM image
of a collection of these colloids after irradiation with 3M CW** ions (I£ 10'° cmi 2)

Is shown in Fig. 4.1(b). The ion beam direction is schemHyicadicated by the arrow.
Clearly, during irradiation the silica shell has turned itite expected oblate ellipsoidal
shape. The Au core however, has deformed in an entirelyrdiffenanner: it is effectively
elongated along the ion beam and narrowed perpendiculaetogam. [101] The typical
length of the Au rods observed in the image i$ 3® nm. Assuming volume conservation
this translates into a size aspect ratio of about 6.

This intriguing deformation effect was studied further nadiations with other ions
than Cu. Figure 4.1(c) shows a TEM image of core/shell cadl¢iu diameter g, =
15 nm, silica shell thickness;t. = 65 nm) after irradiation with 810 Xe** cm' 2.
Again, clear deformation of the silica shell is observed,lmmeasurable shape change



36 CHAPTER4

Figure 4.1: TEM (a-f) and SEM (g-h) images of (a) Au-core/silica-shell colloid (d= 14 nm,
tsiica = 72 nm); (b) Au-core/silica-shell colloid g = 14 nm, jica = 65 nm) after 30 MeV
Cw* irradiation (1£ 10 cmi 2); (c) Au-core/silica-shell colloid (g, = 15 nm, tjica = 72 nm)
after 4 MeV Xé* irradiation (£ 104 cmi 2); (d,e,f) Au-core/silica-shell colloids gd = 14 nm,
tsiica = 26 nm (d), 39 nm (e), 72 nm (f)) after 30 MeV Euirradiation (£ 10** cm' 2); (g) Au-

core/silica-shell colloids (4, = 15 nm, tjica = 65 nm) after 30 MeV C¥ irradiation (£ 10'°

cmi 2): (h) Ag-core/silica-shell colloids @ =26 nm, tjica =47 nm) after 30 MeV St irradia-

tion (4.7 10* cmi 2). Scale bars 50 nm (a), 100 nm (b-f) or 200 nm (g, h).

of the Au core is found. This indicates that the deformatiachanisms of metal core
and silica shell are not directly related. Additional expemts using 30 MeV Si ions
also showed no deformation of the Au core. In Table 4.1 thetelric and nuclear energy
losses for 4 MeV X&' , 6 MeV Au®*, 30 MeV SP*, and 30 MeV CB' ions are listed for
irradiations in silica, Ag and Au. [47] Comparing these nunsheve nd an electronic
energy loss threshold (in the silica) for deformation of fecore of §' > 3.3 keV/nm.
Note that, as we have shown earlier, anisotropic deformaifqcolloidal) silica shows
no measurable threshold{S 0.4 keV/nm). [53]

To study this in more detail, a series of core/shell pasiclas made with different
silica shell thicknesses. Figures 4.1(d,e,f) show TEM iesagf particles with a 14-nm
thick Au core, embedded in silica shells with a thicknesdoaita 30 nm (d), 40 nm (e), or
70 nm (f) after 30 MeV C¥ irradiation. For the latter shell thickness a clear eloiugat
of the Au cores is observed. This indicates that the deformation of the metal core

"Note that in Fig. 4.1(f) not all elongated Au cores seem @éjim the same direction. This is attributed
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is somehow related to ion-induced effects in the silicalsh%h additional observation
of similar nature, published in Ref. [101], is that for cohegB particles of equal size
and shell thickness the deformation of the metal core dependhe local surroundings
of the particles: particles that are stacked two or threerkayhick and are in contact
before irradiation exhibit signi cantly larger deformati of the metal core than isolated
particles. From these two independent experiments (vaustrell thickness and varying
colloid contact) we conclude that the Au core deforms mo@egitly when more silica
surrounds it.

Figure 4.1(g) shows an SEM image of a two-dimensional arf#@yuecore/silica-shell
particles (d, = 15 nm, tjica = 65 nm) that was irradiated with 30 MeV €u(2£ 10'°
cm' 2). Clearly, at this high uence the silica shows large defotio® and the colloids
have completely own together. The Au cores, however, aghiow a clear elongation
along the ion beam, leading to the formation of a regularyanfaaligned Au nanorods
with lengths as long as 30 nm.

Next, we study the irradiation of core/shell colloids corego of a silver core and a
silica shell. Figure 4.1(h) shows an SEM image of a Ag-cdregsshell colloid (¢4 =
26 nm, tjica = 47 nm) after 30 MeV St irradiation to a uence of 4.2 10 cmi 2. An
entirely different effect is observed for Ag than for the Aores described above: the
Ag cores have disintegrated and reassembled in small neticdgs that seem to prefer-
entially form at the colloid's surface. The difference beem the ion irradiation effects
on Au and Ag cores is striking and provides a hint that the raeigm for elongation of
the metallic cores may include effects of melting and vagadron of the metal, as well
as diffusivity and solubility of the metal in the glass matrDisintegration of small Co
clusters (radius smaller thap @ nm) and anisotropic deformation of larger Co clusters in
silica was also observed by D'@dnset al. for 200 MeV | irradiations. [95] The effects
are ascribed to the fragmentation or deformation creepeotlilsters in the thermal spike
region. In another study, Heingg al. [102] also observed disintegration of nanopatrticles
under ion irradiation. They attributed this to an “inversstWald ripening process” that
can occur under particular conditions of ion irradiationétics and thermodynamics. The
lon beam-induced disintegration of the Ag cores is thertedlto the large solubility and
particular bonding nature of Ag in the silica network. Moreg Berna%t al. [103] have
found that ion irradiation-induced nucleation and growthAg nanoparticles in silica
glass has a strong thermodynamically driven component.

One model that we have proposed earlier to explain the etmmgaf the Au core
is an indirect deformation scenario in which the in-plarraistgenerated by ion tracks
in the silica shell imposes a stress on the metal core. [10ff) We metals being rel-
atively soft under ion irradiation, this in-plane stressyntlaen cause the metal core to
ow in the out-of-plane direction, i.e., along the direatiof the ion beam, by Newto-
nian viscous ow. This argument seems consistent with tleg flaat larger elongation
is found for colloids with a thicker silica shell, or for coldal assemblies that are more
closely packed. [101] The fact that entirely different #&lenic stopping thresholds are
found for elongation of the Au core §S> 3.3 keV/nm) and the deformation of the silica
shell (' <0.4 keV/nm) implies that this indirect deformation modetas simple, un-
less a radiation-induced Newtonian ow mechanism is inwbkewhich the metal would
only ow above a particular threshold electronic energyslosiowever, we have shown

to the fact that the TEM grid has wrinkled somewhat duringdration
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Figure 4.2: Cross-section TEM images of: (a) Au colloids in Siformed by Au ion implantation
(peak concentration 1£610°1 cmi 3) followed by thermal annealing at 1130 (1 hr.); (b) same
as (a), after irradiation with 30 MeV Si (9:3£ 10 cmi 2) at an angle of 6Doff-normal; (c) Ag
colloids in SiQ formed by Ag ion implantation (peak concentratih6£ 1071 cm' ) followed by
annealing at 508C (1 hr.); (d) same as (c), after irradiation with 30 MeV?'S{9.3f 10 cmi ?)
at an angle of 60off-normal. Scale bars 50 nm.

previously that radiation-induced viscous ow is an effdtat is determined by energy
deposition in atomic displacements, rather than eleatrexcitations. [52] It would thus
be less ef cient for 30 MeV Ct irradiation than for 4 MeV X& or 30 MeV SP* irra-
diation, contrary to what is observed. This implies thatititBrect deformation scenario
does not seem consistent with the data. Most likely, ionvoed particle disintegration
in combination with thermodynamical effects play a rolesgibly in combination with
mechanical effects driven by stresses around the ion tr&&sent experiments by Vre-
denberget al. on the deformation of colloidal Au particles embedded implaSiQ Ims
will shed further light on this issue. [104]

4.3.2 Au and Ag colloids in planar SIQ Ims

To further study the different behavior of Au and Ag, we pregabAu and Ag colloids in
planar SiQ Ims, using ion implantation and thermal annealing. Figure2(a,c) show
cross-section TEM images of the Au and Ag doped layers aftptantation and thermal
annealing. The Au implanted sample shows Au colloids aedrng two bands, centered
at depths of 80 nm and 100 nm, with typical colloid diametdr$jo20 nm. The Ag
implanted sample shows a large density of much smalleridsllo

After irradiation with 30 MeV Si* (9.3 10 cmi 2) at an angle of 60relative to the
surface normal, clear deformation of the Au colloids is otsé [Fig. 4.2(b)]. Similar to
what is observed for the Au-core/silica-shell colloidsgs:i4.1(b,f,g)], the Au elongates
along the ion beam. A typical size aspect ratio of 2 is obskr#gure 4.2(d) shows the
Ag doped sample after irradiation under the same conditibiesdeformation of the Ag
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colloids is observed. This again indicates that thermodyoal effects are likely to play
arole in the deformation mechanism.

4.4 Conclusions

In Au-core/silica-shell colloids, the silica expands pargicular to the ion beam, while
the metal core shows a large expansion along the ion beawtiditeprovided the silica
shell thickness is large enough @0 nm). By comparing experiments at different ion
energies itis concluded that the metal deformation onlyiccabove an electronic energy
loss threshold in the silica of about 3.3 keV/nm. Silver segmbedded in a silica shell do
not show elongation, but rather disintegrate. Also in pt&i@, Ims, Au and Ag colloids
show an entirely different behavior. We conclude that tHemheation model must include
ion-induced particle disintegration in combination witletmodynamic effects, possibly
in combination with mechanical effects driven by stressesrd the ion tracks.
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MeV ion induced anisotropic plasmon
resonances of Ag nanocrystals in glass

lon irradiation of silica glass containing Ag nanocrystalth 30 MeV SpP* ions results in
an alignment of Ag nanocrystals in arrays along the ion saCkptical transmission mea-
surements show a large splitting of the surface plasmomegsxe bands for polarizations
longitudinal and transverse to the arrays. The splitting iqualitative agreement with
a model for near- eld electromagnetic plasmon couplinghwitthe arrays. Resonance
shifts as large as 1.5 eV are observed, well into the neearied.



42 CHAPTERS

5.1 Introduction

The interaction of light with small metal clusters embedded dielectric medium has
been investigated extensively for many years. [37] Nanerrgtzed clusters of noble met-
als in glasses exhibit strong absorption of visible lightedo collective motions of the
free electrons which are called surface plasmons. The agsenfrequency in spheri-
cal, non-interacting clusters depends on the size and #lectlic constants of the metal
and the surrounding medium. In ensembles of particlestrelsagnetic coupling among
particles causes plasmon bands to shift. [42] Numericallsitions showed the effect of
particle size, next-neighbor distance, number of pasieled shape of aggregates on the
extinction spectra of aggregates of nanometer-sizedrsijveeres. [43] Signi cant plas-
mon blue- and red-shifts are predicted for strongly couglesembles. Very recently, it
was shown experimentally that such interacting metal narimtes can serve as miniature
waveguides in which electromagnetic energy can be tratepera a dipolar near- eld
interaction. [17]

It is thus clear that nanoscale arrangements of metalliticpes in glass are of great
interest to study the fundamentals of plasmon interactionsmall length scales. By tun-
ing the inter-particle interaction and particle shape plasmon resonance can be shifted
to a wavelength of 1.5m. This may enable several applications in telecommurinati
including polarization-dependent waveguides and nosaliroptical devices which take
advantage of the high electromagnetic elds in plasmomacitires.

Recently, we have shown that anisotropic metal colloids edalbricated controllably
by MeV ion irradiation of colloidal particles which conssta gold core surrounded by
a silica shell. [101] This shape change is attributed to asoémopic deformation effect in
the silica that is known to occur in amorphous materials] [B&his letter, we describe
the effect of MeV ion irradiation on silver nanocrystals exdtled in a planar sodalime
glass Im. Optical transmission data show polarizatiopeledent plasmon bands of sil-
ver, with red- and blue-shifts occurring for polarizatiquerallel and orthogonal to the
irradiation axis, respectively. The splitting is attribdtto an ion beam induced alignment
of the Ag nanocrystals into linear arrays and can be tunedabying the ion uence.

5.2 Experimental

Silver nanocrystals were made in a sodium-containing llczate glass by a combination
of Na* $ Ag* ion exchange and ion irradiation. [105] A 1 mm thick Schott Bi{@ss
wafer was immersed in a salt melt containing 5 mol% AgN@NaNQG;. One sample
was ion exchanged for 7 minutes at 3CQother samples for 10 minutes at 360 After
the ion exchange, Ag nanocrystals were nucleated by an 1 M&ViiXadiation (nor-
mal incidence, room temperaturef 10*® cmi 2). This nanocrystal formation process is
well-documented and ascribed to the enhanced mobility 6f bgs due to atomic dis-
placements caused by the ion beam. [105, 106] Subsequinetisamples were subjected
to a 30 MeV St* ion beam at 77 K under an angle of*68f-normal. St* ions at this
high energy exhibit very high electronic energy loss, aguarsite for anisotropic defor-
mation processes which are thought to be caused by the hagidptropic thermal spike
along the ion trajectory. The Bi beam ux was in the range of (15)£ 10** cmi 2s. Flu-
ences were chosen between 0 aBd 8" cm' 2. Note that the uences projected normal
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Figure 5.1: Optical extinction spectra of Ag ion exchanged BK7 glass samples irradidtbd

1 MeV Xe" (drawn line) to form Ag nanocrystals, and with subsequent 30 M&V &i an angle

of 60* off-normal (circles), using normal-incidence light. Theé'Sirradiation (£ 10 cmi 2)
causes a large split in the plasmon bands for polarizations transverseddicles) and longi-
tudinal (open) to the direction of the >3i beam as projected onto the surface. The inset shows
a representative time snapshot of the electric eld amplitude distribution oltd&iom a FDTD
simulation with enhanced eld amplitudes both inside (white, positive eld) angvben (black,
negative eld) the Ag particles.

to the surface are half these values.

Rutherford backscattering spectrometry was performedteriohne the composition
of the glass after the ion exchange. The Ag surface condamtris » 6 at.%, and the
depth pro le extends to 600 nm for a 7 min./3Mion exchange and to 1100 nm for a
10 min./356C condition. The projected range of 1 MeV Xd.e., the depth over which
silver nanocrystals are formed, is 360 nm. Simulations [Adicate that at an incoming
angle of 60 the projected range of 30 MeV3iamounts to 4.8 m, which is well beyond
the depth of the ion exchanged region.

Optical transmission spectra were taken with a spectras@jppsometer at normal
incidence. Transmission electron microscopy (TEM) imagere taken using a 400 keV
electron beam. Preparation of plan-view TEM samples wa® dsing a conventional
backthinning method by polishing and ion milling using a &k&r ion beam under an
angle of 6 with the surface.

5.3 Results and discussion

Figure 5.1 shows the optical extinction versus energy osdrmaples made by the 7 min./
310°C ion exchange. After the initial Xeirradiation, the ion exchanged glass shows an
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Figure 5.2: Plan-view TEM images of Afj ion exchanged BK7 glass after 1 MeV Xda), and
after subsequent 30 MeV3iion irradiation (b). Scales of (a) and (b) are identical. The ion beam
was at 66 off-normal and its projection onto the surface is indicated by an arrovar@legnment

of Ag nanocrystals is observed along the ion beam direction. The insmistbl spatial Fourier
transform of the images (full scale 0.3 h#).

extinction peak at 3.0 eV (410 nm), due to the surface plasasorption of Ag nanocrys-
tals in a BK7 glass matrix (refractive index 1.61). This alpsion band is polarization
independent, as expected. From a t of Mie theory to the spett[105] it is estimated
that approximately 11% of the Agions have agglomerated into nanocrystals. Aftet Xe
irradiation the glass shows a bright yellow color. After gwsequent irradiation with
30 MeV SP* ions to a uence of 2 10* cmi 2, the color of the glass changed to red and
is now angle-dependent. This is con rmed by the opticalretion measurements shown
in Fig. 5.1, taken using normal-incident light polarizether parallel (open circles) or
orthogonal (closed circles) to the direction of thé*Sheam projected onto the surface.
Also shown in Fig. 5.1 is a reference measurement for ah g exchanged sample
that was irradiated with $i only; it does not show a plasmon absorption band and is
colorless.

Plan-view TEM images are shown in Fig. 5.2, taken under nbmugdence. Fig-
ure 5.2(a) shows the Ag nanocrystals formed after 1 MeV Keadiation, with typical
diameters in the rangg 2.5 nm, randomly distributed in the glass. Figure 5.2(b) show
data taken after Xeand St* irradiations: randomly oriented Ag nanocrystals are ob-
served, but in addition, arrays of aligned nanoparticlefaund. These arrays are along
the direction of the ion tracks (arrow). The redistributadrAg is ascribed to the effect of
the thermal spike of the 30 MeV Siions, possibly in combination with anisotropic strain
generated along the track. [107] The anisotropy is alsorgbdein the spatial Fourier
transform (inset) of Fig. 5.2(b), in contrast to that of F¢2(a). Note that no clear shape
change is observed, as was seen for Au cores in silica csllIffig1]

The splitting of the plasmon bands observed in Fig. 5.1 caexipéained by electro-
magnetic coupling among the aligned nanocrystals. [43]getarizations parallel to the
particle array, such coupling is known to result in a redtsi@onversely, transverse po-
larization will result in a blue-shift. Finite-differendene domain (FDTD) simulations of
arrays similar to those observed in Fig. 5.2(b) show thastiiting due to the coupling
can be well over 1 eV. As an example, a representative timessiod of the electric eld



ANISOTROPIC PLASMON RESONANCES INDUCED BWMEV ION BEAMS 45

Wavelength (nm)
1000 800 600 400
III LI I 1 1 1 I 1 1 1 I 1
—— 0.0x10"

——-1.9x10"
14

Q

1.5

111 rrrrrrrrr1rr

Extinction

Energy (eV)

Figure 5.3: Optical extinction spectra for Agion exchanged and Xeirradiated BK7 glass ir-
radiated with 30 MeV Si* at different ion uences up tof110*° cm' 2 (indicated in the gure).
The polarization of the incoming light is transverse (a) or longitudinal (b)edrtadiation direc-
tion projected onto the surface. The splitting of the plasmon band can be lyrefthnging the
ion uence and a shift well into the near-infrared is observed.

amplitude distribution obtained from FDTD simulation of@uf Ag nanoparticle array
is shown as an inset in Fig. 5.1. The strongly enhanced etdvben adjacent particles
is indicative of strong interparticle coupling. Detailstbe simulation with quantitative
results are presented in Chapter 6. [108]

The plasmon band shift can be tuned by varying tit& 8in uence, as is illustrated
in Fig. 5.3. Here optical extinction spectra are shown fét Siences up to £ 10*° Si°*
cm' 2 (10 min./ 356C). With increasing St uence, the plasmon absorption band for the
transverse polarization is blue-shifted [Fig. 5.3(a)]endas the plasmon absorption band
for the longitudinal polarization is red-shifted [Fig. 803]. At a uence of 1£ 10'° Si°*
cm' 2 a red-shift by as much as 1.5 eV is observed, well into the-iméared (870 nm).
Another feature to notice in Fig. 5.3(b) is a second absondiand around 2.5 eV for high
Si®* uences. We attribute this to the formation and alignmenhefv Ag nanocrystals
during the Si* irradiation, and to the growth of existing nanocrystalsté\that after the
original Xe" irradiation, only 10% of the Ag ions are incorporated into nanocrystals,
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while 90% remain in solution. The slight difference in shayp¢he extinction spectra
for Si°* uences of £ 10 cmi 2 in Fig. 5.1 and Fig. 5.3 is attributed to different ion
exchange conditions for the two cases, resulting in diffefgy depth pro les. A next
challenge is to further increase the'Sion uence and investigate if the plasmon reso-
nance can be shifted further, into the important telecomoation bands around 113m
and 1.5 m.

5.4 Conclusions

In conclusion, we have shown that 30 Me\?'Sion irradiation of BK7 glass containing
Ag nanocrystals induces a partial redistribution of theataystals into linear arrays along
the ion tracks. The anisotropy causes a splitting in thecapéxtinction spectra, so that
different surface plasmon resonance bands for longitlidind transverse polarizations
are observed. Resonance shifts as large as 1.5 eV are ohsgelledto the near-infrared

and are in qualitative agreement with a model for near- diecgomagnetic plasmon
coupling.
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Highly con ned electromagnetic elds
in arrays of strongly coupled silver
nanoparticles

Linear arrays of very small silver (Ag) nanoparticles (deter about 10 nm, spacing
0j 4 nm) were fabricated in sodalime glass using an ion irraahaechnique. Optical
extinction spectroscopy of the arrays reveals a large @al@on-dependent splitting of
the collective plasmon extinction band. Depending on papman condition, a red-shift
of the longitudinal resonance as large as 1.5 eV is obser8adulations of the three-
dimensional electromagnetic eld evolution are used tcedeine the resonance energy
of idealized nanopatrticle arrays with different interpaet spacing and array length. Us-
ing these data, the experimentally observed red-shifttigoated to collective plasmon
coupling in touching particles and/or in long arrays of sgly coupled particles. The
simulations also indicate that for closely coupled nantigas (1 2 nm spacing) the
electromagnetic eld is concentrated in nanoscale reg{@0sdB radius: 3 nm) between
the particles, with a 5000-fold local eld intensity enhameent. In arrays of 1 nm-spaced
particles the dipolar particle interaction extends to dv@patrticles, while for larger spac-
ing the interaction length decreases. Spatial images abttad eld distribution in 12-
particle arrays of touching particles reveal a particke-lcoupled mode with a resonance
at 1.8 eV and a wire-like mode at 0.4 eV.
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6.1 Introduction

In recent years, signi cant progress has been made towadising the size of optical de-
vices. This trend towards miniaturization is driven by therease in system functionality
and reduction in power dissipation that may be achieved gy integrated photonic
networks replace today's discrete devices and standal@uules. Another important
motivation is a vision of an architecture in which photonicaits integrate seamlessly
into large scale electronic systems. This requires wadaguihat bridge the gap in size
between conventional micron-scale integrated photomdsranoscale electronics. Ad-
ditionally, nanostructured materials often possess gtrmmlinear properties that can be
exploited in the development of novel active devices, sitheecon nement of light to
small volumes can lead to nonlinear optical effects eveh mibdest input power.

In purely dielectric materials, the optical diffractiomlit places a lower bound on
the transverse dimension of waveguide modes at abgtn, i.e., several hundreds of
nanometers for visible light. [109, 110] Plasmonic wavelgsi on the other hand, employ
the localization of electromagnetic elds near metal sce&to con ne and guide light in
regions much smaller than the free space wavelength, andfteatively overcome the
diffraction limit.

In plasmonic systems there is generally a tradeoff betweesize of the electromag-
netic mode and loss in the metallic structures. With thisgfeprinciple in mind there
are several choices for plasmonic waveguiding technosogigich may prove useful for
various applications. For example, thin metal stripes stdpng-range surface plasmon
polaritons with an attenuation length as long as millimgtbut lack subwavelength mode
con nement. [12, 111-115] Another geometry is metallic oaires, which indeed can
provide lateral con nement of the mode below the opticafrdiftion limit. Nanowires
have larger attenuation than planar Ims, but light tramspweer a distance of several mi-
crons has been demonstrated. [116] Finally, metal nanofesaire used to achieve three-
dimensional subwavelength con nement of optical-frequyerlectromagnetic elds in
resonant “particle plasmon” modes. [1, 34, 37] Nanopasigirovide highly enhanced
local elds which are promising for molecular sensors [18;-217] or miniature nonlin-
ear optical elements, [23, 118-121] and arrays of theséc|gmrtcan act as waveguides
over modest distances. [14] Indeed, linear chains of metabparticles have been shown
to support coherent energy propagation over a distancerafreds of nanometers [17]
with a group velocity around two-tenths the speed of lightacuum. [122] The mini-
mum length scales in fabricated structures were deternbgebe resolution of electron
beam lithography, with particle diameters of£3B0E 90 nm, and interparticle spacings of
50 nm.

In this paper, we investigate the mode con nement and plasooapling in nanos-
tructures with even smaller length scales, composed dcdiiakain arrays of Ag nanopar-
ticles with diameters in the 10 nm range and interparticlacsm as small as several
nanometers. This work is inspired by our recent experimeagalts in which linear Ag
nanoparticle chain arrays with such small length scalefanged in silica glass by ion ir-
radiation. [123] Other methods for generating very smalkoed metal structures include
pulsed laser irradiation [124] and biologically templassgembly. [125]

We rst present experimental optical extinction spectascdata that show evidence
for strong plasmon coupling in ion-beam synthesized Ag particle chain arrays. We
compare experimental extinction data with full- eld 3D eleomagnetic simulations for
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Figure 6.1: Plan-view TEM images of Ag nanoparticles in sodalime glass after 30 M&ViSn
irradiation at two different magni cations. Nanoparticle arrays are plexbalong the ion beam
direction (indicated by arrows). The inset in (a) shows a spatial Fotraasform image of the
micrograph con rming this anisotropy. The typical particle diameter in the mienolgs is 10 nm,
albeit with signi cant size polydispersity. Touching or closely spacediglas are observed, in
arrays with a length of up to about 10 particles.

arrays with various chain length and particle spacing. Tihmitions corroborate the
experimental data and reveal large local eld enhancemiardasrays of strongly coupled
nanoparticles.

6.2 Nanoparticle array fabrication

Linear nanoparticle arrays in glass are formed by use of @rgrgy ion irradiation tech-
nique as follows. [123] First, ionic Agis introduced into sodalime silicate glass (BK7)
by immersion in a melt of AgNQ 10% by mass, in NaNgat 35G:C for 10 minutes. Sil-
ver displaces the constituent sodium via an ion exchangeation, resulting in a Ag
content of 6 at% near the surface. Next the sample is irrediiaith 1 MeV X€ ions
to a uence of E 10 cm 2 at normal incidence to induce the nucleation and growth of
Ag nanopatrticles. The typical particle diameter is in thegeof § 15 nm, and the par-
ticles preferentially form in & 80 nm thick near-surface region of the silica glass. [126]
Finally, the sample is irradiated with 30 MeV®Siions at an angle of 60with respect to
the surface normal while cryogenically cooled to 77 K.

Figure 6.1 shows a plan-view electron microscopy (TEM) immag a sample irradi-
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Figure 6.2: Measured optical extinction resonance peak energy for silver natimparrays in
glass as a function of 30 MeV Bi uence. The polarization of the incident light is transverse
(open circles) or longitudinal (solid) to the projection of the ion beam diredtito the normal
plane. The inset shows typical extinction spectra for both polarizationsamgle before irradia-
tion (“control”) and after irradiation with £ 104 30 MeV SP* cmi 2,

ated with £ 10'* Si°* cmi 2. A polydisperse Ag particle size distribution is found, hwit
a typical diameter of 10 nm and an upper bound of about 20 nmetier. The majority
of Ag particles appear to have been incorporated into dusesar chain arrays, aligned
along the ion beam direction. This observation is con rmgdpatial fast Fourier trans-
form of the image, inset in Fig. 6.1(a). The redistributidmg is ascribed to the effect
of the thermal spike caused by silicon ions' electronic gpéoss. Figure 6.1(b) shows a
magni ed view of the particle arrays. While in these planwignages it is not possible
to separately identify individual arrays, as they overlathe image, we estimate a typical
array length of up to 10 particles, with particles eitherctong or very closely spaced.

6.3 Optical absorption spectroscopy

The inset to Fig. 6.2 shows optical extinction spectra takeder normal incidence of
a sample before (“control”) and after irradiation with 30 WI8i°* ions to a uence of
2£ 10" cmi 2. Data were derived from optical transmission spectra nredsusing a
spectroscopic ellipsometer with the incident beam perjperfat to the sample surface.
The wavelength was scanned from 300 nm to 1100 nm in 5 nm dBggbsre irradiation,
an extinction peak is observed at an energy of 3.0 eV (freeeswavelength 410 nm), cor-
responding to the surface plasmon dipole excitation ofigol small Ag nanoparticles in
a sodalime glass matrix (refractive index= 1.60). After irradiation, two distinct spectra
are observed for incident light polarized either paralleperpendicular to the ion beam



HIGHLY CONFINED EM FIELDS IN ARRAYS OFAG NANOPARTICLES 51

incidence direction projected into the sample surfacegldie splitting of plasmon ex-
tinction bands can be explained by “collective particlespt@an” resonances which result
from electromagnetic coupling between neighboring pkagién linear arrays. [42, 43]
When incident light is polarized transverse to the array,a®igulsion between like sur-
face charges on neighboring particles increases the emegygyred to drive a resonant
oscillation and therefore results in a spectral blue-shifonversely, attraction between
nearby unlike surface charges under longitudinally pe&diincident light will result in
an extinction red-shift.

The main panel of Fig. 6.2 shows the peak energy of the trassv@pen circles)
and longitudinal (solid) mode extinction spectra as a fiamcof SP* ion uence up to
3£ 10" cmi 2. The transverse branch shows a modest blue shift that teglag3.2 eV
(390 nm) while the longitudinal absorption peak can be tumest a wide range, from
3.0eV (410 nm) to 1.5 eV (830 nm), into the near infrared.

The longitudinal resonance red-shift of over 1.5 eV is muodater than that pre-
viously recorded in chains of noble metal particles witratigely large diameter and
spacing, for which a red-shift of 100 meV is observed. [172,1127] The 1.5 eV shift is
attributed to the very strong particle coupling in the préserays. The ability to tune the
resonance frequency into the near infrared is clearly \ddyas it enables applications
in the important telecommunications band around!Int Also, the strong interparticle
coupling implies a large enhancement of electromagnetids ¢128] in the interparti-
cle gaps, as will be discussed further on. In the context nbparticle waveguides, the
extraordinarily large splitting of the plasmon bands irdés large bandwidth and high
group velocity for transport. [15, 129] However, very sigbncoupled nanoparticles are
suitable for waveguiding only over short distances, asigignt spatial overlap of the
mode with the metal particle leads to severe damping. [130]

6.4 Finite integration simulation procedure

The in uence of geometrical parameters on the collectivesplon resonance of linear
chains of Ag nanospheres is studied by three-dimensiotiakfd electromagnetic sim-
ulations which employ nite-element integration technéguto solve Maxwell's equa-
tions. [131] We keep the particle size constant at 10 nm diamand assume that the
particles are spaced evenly along a line with perfect axiairsetry. Particle spacing
was varied from 0 nm (touching particles) to 4 nm. The optaaistants of silver are
modelled with a Drude model:

1 2

2(1)=5:45j 0:73ﬁ
. 1 B

(6.1)
with ! , = 1.72£ 10 rad $ * and® = 8.3% 10" s 1, which provides a good t to

tabulated experimental data [35] throughout the visiblé exfrared. The index of the
surrounding glass matrix is setmo= 1.60. The simulation volume is a rectangular solid
which extends at least 100 nm beyond the nanoparticle sgfacall directions. The
mesh is linearly graded with a 10:1 ultimate ratio, i.e.h# grid cells in the immediate
vicinity of the particles are about 0.25 nm on each side,alwsthe outer boundary of
the simulation volume are about 2.5 nm on each side. TedHmatations constrain the
mesh size under these conditions to about 2 million total geils. In all simulations the
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incident light is polarized longitudinally relative to tlaeray. We focus on the longitudi-
nal plasmon resonance because the optical response has@ fstinctional dependence
on geometrical parameters, and because the extraordunaapitity of the longitudinal
resonance may be of interest for a variety of applications.

A two-step process is used to nd the collective particlagphon resonant mode and
its frequency for each array. First, the simulation volush@luminated by a propagating
plane-wave with an off-resonance frequency that allowsptiréicle chain to absorb en-
ergy. Second, the incident eld is switched off and the eieceld amplitude is observed
in the time domain as any particle modes excited by the imtigdiane-wave resonantly
decay or “ring down”. The data presented below are all moadtat nanoparticle cen-
ters, but in general the time response of the electric elthierparticle gaps and other
points of lower symmetry are also observed to provide aatgii information about the
mode structure. A fast Fourier transform (FFT) of these dates the spectral response
that enables the resonant frequencies to be identi ed.eSime absorption and ringdown
are resonant phenomena, the frequency at which the peakdspdnse occurs is directly
comparable to the frequency of maximum extinction in anagptspectrum. Once the
spectrum was outlined in this way, on-resonance excitatias used to excite individual
modes to examine the corresponding spatial distributiothefeld intensity. Such dis-
tributions can be used to discriminate between spectralfeswhich correspond to the
collective dipole excitation and other physical resonamme in some cases, unphysical
artifacts of the simulation or frequency domain transforirick can be eliminated once
identi ed. In some cases small “hot spots” were observedhaintensity maps, which
occurred at slight faceted corners of the rendered nanosgphBy varying the grid size
and geometry these were identi ed as artifacts of the sitmala When the grid cell linear
dimensions were reduced to 0.25 nm in the immediate vicofithe metal nanopatrticles,
these hot-spot artifacts had a negligible effect on theallvesld distribution. This requi-
site ne mesh density has the indirect effect of constragrtire maximum simulation size
to linear arrays of about 12 nanoparticles.

Figure 6.3(a) shows peak-normalized Fourier transformligunde spectra of particle
ringdown for four-particle chains of 10 nm diameter Ag peles with interparticle spac-
ings of 1 nm, 2 nm, and 4 nm, and for an isolated particle. Weeckthat the peak
frequency value is robust against small changes to mesheediity, sphere smoothness,
or other minor variations in simulation procedure. In casty the apparent linewidth and
spectral shape of the resonance were found to be somewheiadlg on arbitrary fac-
tors such as the total ringdown time and the absorption @esson of the structure at
the off-resonance excitation frequency. The Fourier fians spectra often also contain
several peaks with normalized amplitude less than one.stigation of spatial energy
density pro les using selective-frequency excitationgaled that low energy secondary
peaks (e.g., around 2 eV in Fig. 6.3(a)) correspond to attifaodes particular to the 3D
polygonal representation of the nanoparticle. The weakifea observed in the spectra
of Fig. 6.3 at energies slightly greater than the primarykpeay correspond to real multi-
polar nanoparticle resonances, but further investigatiarselective-frequency excitation
simulation proves impossible due to the low scatteringhgfite of the resonance and spec-
tral proximity to the primary peak. The primary peak, howeweas found to correspond
to the dipole excitation in all cases. From the above amalysi conclude that the peak
energy of the Fourier transform spectra is a good metricHerdipole resonance energy,
and can thus be compared with experimental peak extinctiergees.
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Figure 6.3: Simulated longitudinal extinction spectra for linear arrays of 10 nm diameter Ag
particles in glass. (a) Array of four particles spaced by 1, 2, or 4 nm.Afkay of 4, 8, or

12 particles with interparticle spacing xed at one nanometer. A referepeetrum for a single

Ag particle is also shown in each panel. Each spectrum is normalized to the bEige strongest
extinction peak, which we identify as the collective dipole resonance.

6.5 Results and discussion

The resonance peak for isolated particles in Fig. 6.3(a)msct 2.93 eV (free space wave-
length 424 nm), in good agreement with the experimental (Fata 6.2), indicating that
the initially prepared Xe-irradiated sample (i.e., without ordered nanoparticlays)
consists of uncoupled nanoparticles. This is consistetht&arlier work showing that un-
der these Xe irradiation conditions about 33% of the incorporated® Ag agglomerated
In nanopatrticles with a mean diameter qf B0 nm, while the remaining 67% remains
embedded in the glass network as*Aigns. The corresponding interparticle distance is
about 3 particle diameters, too large for signi cant inemgle coupling. [105, 126]
Figure 6.3(a) also shows that a decrease in particle spatitite 4-particle array
increases the interparticle coupling, leading to incréassonance red-shift. At 1 nm
spacing the simulated resonance occurs at 2.35 eV (528 nigiyireF6.3(b) shows the
effect of total chain length on simulated spectral resparfigeg nanoparticle chains with
the interparticle spacing xed at 1 nm. Data are shown foagsrwith a total length of
12, 8, 4, and 1 patrticle(s). As can be seen, increasing the tragth causes a larger
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10 nm

Figure 6.4: Two-dimensional spatial images of the electric eld intensity in a plane through th
particle centers of four Ag nanospheres with interparticle spacing @f fa), (b) 2 nm, (c) 1 nm

at resonant excitation. The background is normalized to maximum instangimgensity of the
incident plane-wave. Each contour line represents an intensity diffetsna factor of 1.8 (4 lines
represent one order of magnitude).

shift towards lower frequencies, implying that the padiciteraction extends beyond the
rst nearest-neighbor. In the twelve-particle chain thesetved frequency is 1.92 eV
(647 nm), a difference as large as 1.0 eV compared to theespayticle plasmon res-
onance. We expect that the effect of increasing chain lemgttsaturate in chains of
not more than 20 particles, based on Quinten and Kreibigraarical calculations for
Ag patrticles in air. [43] In less strongly coupled chainstha2 nm or 4 nm spacing, we
found that extending the overall length of the chain beyoma#icles did not lead to a
further shift in resonance frequency. This result is cdasiswith our earlier work, [130]
in which it was reported that in chains of widely spaced aratdfore relatively weakly
coupled Au particles, the resonance frequency was not agstumction of array length.

Figure 6.4 shows the spatial images of the peak instantangeatric eld intensity
(i.e., B2) at steady state for arrays of four 10-nm diameter particdesited on reso-
nance. Data are shown for interparticle spacings of 4 nm2Zamn (b), or 1 nm (c).
The background level is normalized to the maximum instasdas square amplitude of
the incident plane-wave. Note that this normalization lléesealifferent than the plane-
wave background at the same instant in time as the eld prerlapshot, since there is a
phase lag between the amplitude peaks in the driving wavénathe@ resonant response.
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Figure 6.5: Electric eld intensity on a line through the dielectric gap at the midpoint of aayarr
of four Ag nanospheres with interparticle spacing of (a) 4 nm, (b) 2 ninl (om at resonant
excitation. Maximum instantaneous intensity of the incident plane-wave is 1 v/m)

Each contour line represents an intensity difference by@fd..8 (four lines correspond
to one order of magnitude). The maximum local eld is obsdrue the dielectric gap
between the two metal particles at the midpoint of the arfBye factor by which the
eld intensity at the array midpoint exceeds the backgroilewe! is approximately 800
in the weakly coupled array, Fig. 6.4(a), and about 5000 énrttore strongly coupled
array (c). For comparison, the maximum eld intensity entement near an isolated
nanoparticle driven resonantly is typically 30. The giab®8-fold intensity enhancement
is consistent with previous reports of®4013-fold enhancement of the effective Raman
scattering cross-section near metallic nanostructuresn ghe fact that Raman scattering
Is quadratic in eld intensity. [18, 19]

Figure 6.5 shows the eld intensity along a line normal to geeticle axis through
the interparticle gap at the midpoint of a 4-particle arrélge eld con nement is most
pronounced for the array with the smallest spacings, 1 nm2ameh, where the lateral
distance (from the array axis) at which the eld diminishgsll® dB is 3 nm; it vanishes
by 30 dB in less than 6 nm. Given that the resonant excitatiavelength for this mode
in bulk glass is 330 nm, this clearly demonstrates the giaid enhancement and local-
ization in these closely-spaced nanopatrticle arrays. rEigb also shows that for 4 nm
spacing the eldis less concentrated, with a 10 dB decayd of 5.5 nm and peak eld
intensity nearly 10-fold lower than for the 1-nm spacedyariidis demonstrates that true
nanoscale engineering is required to advantage of thebe did concentration effects.
Indeed, the ion-irradiation-induced nanoparticles aiayFig. 6.1 are an example of that.

In TEM images such as Fig. 6.1 we observe a strong possithilityin some arrays the
interparticle separation has been reduced to the pointitbaianoparticles just touch their
neighbors. We refer to these arrays as having “0 nm intagagpacing”. In simulations
the neighboring spheres are de ned to overlap each othebbyt®.25 nm (one grid cell
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20 nm

Figure 6.6: [Color] Distribution of the longitudinal component of the electric eldy() in the
vicinity of an array of twelve Ag particles with 10 nm diameter, illustrating two digtmodes. (a)
an antenna-like mode resembling that of a single elongated wire is excitetndiyoat 0.35 eV,
(b) a coupled particle-like mode resembling that of a chain of indepenagtitips is excited res-
onantly at 1.65 eV. The slight axial asymmetry of the eld distribution is caumsesuperposition
of the resonant mode with the exciting plane-wave.

depth) and therefore share a circular boundary surfaceawtdius of about 1 nm. In
this case, two distinct modes are found in the spectrum. Frariay length of 12 parti-
cles these occurred at 0.35 eV (free space wavelength 35p@munl.65 eV (750 nm).
As described in section 6.5, we selectively excite and sthdyspatial distribution of the
electric eld for the two cases. In this case, however, thditashal low energy peak is
not an edge or corner artifact but has real physical sigmaga This is demonstrated in
Fig. 6.6, which shows the longitudinal componehi ) of the electric eld in a system
which consists of a linear array of 12 touching Ag spherestedat the two resonance
frequencies. Areas colored red have positive eld ampktuahile areas colored blue
have negative eld amplitude. In a snapshot of the chainedrilsy a longitudinally polar-
ized plane-wave at 0.35 eV [Fig. 6.6(a)], regions of posikty are observed at either end,
with negativeE, throughout the body of the array. This electric eld patterdicates that
positive surface charge is concentrated on the rightmotitjea and negative charge on
the leftmost particle. The mode is typical of a single wiréesmma, and requires surface
charge to ow from particle to particle along the entire |&m@f the array. Alternatively,
when the same structure is driven at 1.65 eV [Fig. 6.6(b)]cthepled-dipole resonance
is selectively excited. The eld diagram alternates fronsipige in each dielectric gap to
negative inside each particle. This indicates an altangagurface charge distribution in
which each individual particle is polarized but electrigaleutral. Thus, in the touching-
particle con guration, the system can support two kindsafditudinal resonance: the
particles can still act as individual coupled dipoles, atéad, as a single continuous wire
antenna.

Although particle- and wire-like modes of touching pasiahains have strongly
shifted peak resonance frequencies, we found that they tim m@neral exhibit an ex-
tremely high degree of local eld ampli cation. The lack ofdielectric gap means that
the interparticle interaction is only weakly capacitivenature, and therefore only a small
magnitude of opposing surface charge builds up on neighpgarticles. However, a
contrary in uence also comes into play. The sharp “crevitmeined between two inter-
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Figure 6.7: Simulated longitudinal collective resonance frequency for linear améysrious
overall length, ranging from one to twelve Ag particles each 10 nm in diam&eries repre-
sent interparticle spacings from zero to four nanometers. In the casg@mhanometer spacing,
frequencies of both coupled-nanoparticle-like and wire-like modeslatieg.

secting spheres may contribute to shape induced enhant@ortae local elds. For the
speci c geometric con guration and material propertiepun to our simulation, we found
the former effect to dominate. Various aspects of coupledeaan nanoparticle dimers,
including the touching-particle case, are discussed in.RE32—-134].

Figure 6.7 shows a compilation of longitudinal resonancergies for linear arrays
of 10 nm diameter Ag particles, plotted as a function of cHamgth. The data series
represent interparticle spacings of 4, 2, 1, or 0 nm. In tls& @d zero nanometer spac-
ing, the energies of coupled-nanoparticle-like and wike-modes are plotted separately
(indicated “particle like” and “wire like”). The particléke resonances are broad, as in-
dicated by error bars on that series. The Figure shows thaBtparticle array length the
resonance of the most strongly coupled arrays (0 or 1 nmmsgpshifts by about 1.1 eV,
to a peak resonance energy of around 1.82 eV. More weaklyl@dwhains saturate at
peak energies above 2.50 eV.

We now compare these data with the experimental particleilsitions and reso-
nance energy measurements in Figs. 6.1 and 6.2. Althougheati@particle distributions
are quite inhomogeneous, indeed, touching and nearlyrtoggarticles are observed in
the TEM, that according to our simulations lead to large iplas shifts. The decrease
in plasmon energy with increasing uence [Fig. 6.2] can kelaited to either (or both)
a gradual growth in particle array length or a decrease erpairticle spacing. The ex-
perimentally observed peak resonance for high uence iatazh in Fig. 6.2 is 1.5 eV.
The resulting resonance energy is thus lower than the lowcegiled-particle mode en-
ergy calculated in Fig. 6.7 (1.8 eV). This may indicate tloaig chains (N> 12 particles)
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form at large uence. Alternatively, wire-like modes in sinzhains could be dominating
as interparticle spacing approaches zero. Further igaggin of the relative interaction
cross-section for the wire and particle modes would be sacgdo support this hypoth-
esis.

For applications of eld enhancements at the importantcahemunication wave-
length of 1.5* m (0.8 eV), very strongly coupled arrays of nanoparticles raquired.
Comparing our data with those our results from arrays of lapgeticles, [122] and
with previous results in the literature, [43] it appearsttihas the combination of par-
ticle center-to-center spacing and diameter, rather thi@nparticle spacing alone, that is
a key parameter determining coupling strength. Finallynet possible applications of
the wire-like mode in the THz frequency domain, in partictita very long array lengths.

6.6 Conclusions

Linear arrays of very small Ag particles in glass, made ugingrradiation, show a strong
anisotropy in optical extinction spectra, which is atttdmlito strong coupling between the
particle plasmons. Full- eld simulations of the electrognatic eld distribution on ar-
rays of closely spaced Ag nanoparticle arrays show thatlocwupetween the plasmonic
particle modes leads to a reduction in the longitudinalmasce energy. In weakly cou-
pled arrays, in which 10 nm particles are separated by 2 or 4nterparticle gaps, the
resonance shift is less than 0.4 eV. For the “strongly caliptase of 1 nm spacing, or
touching particles, a shift larger than 1.0 eV is observadhobse arrays the longitudinal
plasmon resonance energy decreases with the total chagiilep to at least 10 particles.
In particle arrays with 1 nm spacing, the simulations intéagiant 5000-fold enhance-
ment in eld intensity between the particles. The resondetteic eld is concentrated
in extremely small regions with a radial dimension of 3 nmi@tdB point). By com-
paring the simulated data with the experimental opticah @as concluded that plasmon
coupling behavior in the experimental samples is dominatedhort arrays of touch-
ing particles, and/or long arrays of strongly coupled jgées. Due to the great utility
of wavelength tunability and local eld enhancement for Bqgttions such as nonlinear
optics and sensing of small volumes, nano-sized orderedasigprdered ensembles of
very closely spaced metal particles serve as an ideal phatfiar active device regions in
integrated plasmonic networks. Innovative nanoscalenemging and fabrication (as the
ion irradiation technique used here) are required to swibeparticle arrays with these
interesting properties.
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lon beam deformation of metal shell
colloids

Spherical colloids composed of a silica core (diameter:j 3@ nm) and gold or silver
shell (2Q 60 nm thick) were irradiated with 6 MeV A&ti and 30 MeV C8&" ions. The
irradiation changes the shape into oblate ellipsoidalh wie anisotropy determined by
the ion uence. A major-to-minor diameter ratio of 1.5 is amred after irradiation with
30 MeV Cu* ions to a uence of & 10" cmi 2. The observed shape change is the result
of an ion-induced anisotropic deformation process in thergimous silica. At constant
uence, the net observed anisotropy decreases with incrg#si-shell thickness, which
implies that the Au-shell imposes a mechanical constrairihe deformation of the silica
core. The addition of an outer silica shell to the silicaszAu-shell colloids enhances the
deformation. These anisotropic metallo-dielectric ddocan be used as novel building
blocks in photonic materials.
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7.1 Introduction

Metallo-dielectric colloids, consisting of a metal and aldctric material in a core/shell
geometry, form a new class of interesting building blocksgbotonic materials. Co-

herent oscillations of the conduction electrons in the ngitee rise to strong plasmon

resonances. The plasmon frequency depends on the sizes, sftapposition and the

optical constants of the surrounding medium. For metallshile optical response also
depends on the relative ratio of the core radius and the tieltihess. By variation of this

core-to-shell ratio, the plasmon frequency can be shifteah the visible into the infrared

(223eVto0:1eV). [34, 37, 135, 136]

While many papers have been published on spherical corkegstsédmsanisotropic
composite colloids give an additional parameter to taiter dptical response. Control
over the shape of the anisotropic composite particles isedtgmportance, for example
in studies of electro-magnetic eld enhancements nearlpigirved metal surfaces. One
approach to synthesize monodisperse anisotropic cotefsrticles with a metal shell
is seeded growth, as was shown recently by Limeteal. [137] for silica and titania
nanorods, and by Wargt al. for hematite spindles. [138] Another approach, as will be
shown in this paper, is to use ion irradiation to change thapslof initially spherical
colloids to oblate ellipsoidal.

Over the last few years, ion beam-induced plastic defoonati colloidal particles
was addressed in several papers. [92, 139, 140] It was sh@tcalloids expand biax-
lally perpendicular to the ion beam direction and contraséxially along the ion beam
direction, while their volume remains constant. The aspatod of the ellipsoids can be
accurately tuned by varying the ion uence. This plasticatefation is known to occur
with amorphous materials, with the deformation rate depatdn the electronic energy
loss of the penetrating ions. lon irradiation is a directiotechnology, and the ellip-
soidally shaped colloids are thus all aligned along the ieanb direction. This enables
optical characterization of well-oriented particles bg@aging over large ensembles. The
deformed particles can also be removed from the substratémught back in solution
by sonication. [139] Depending on the irradiation condisand the desired aspect ra-
tio, the particle yield of the ion beam deformation techeidgitypically 16-10° particles
(0.5 5 mg) per hour, suf cient for fundamental studies.

Recently, ion irradiation was applied to metallo-dielectolloids comprising a Au
core and a silica shell. [101] It was found that the irradatiurned the spherical silica
shells into oblate ellipsoids and the spherical metal corsprolate ellipsoids. Gold
cores without a silica shell remained spherical under icadiation.

In this Chapter we study colloids of the reverse core/shelhgsry, i.e., colloids con-
sisting of a silica core (diameter: 30800 nm) and a shell of gold or silver (20 nm
thick), and investigate their plastic deformation upon ioadiation. We nd that the
shape of the spherical colloids changes into oblate eijadowith the nal degree of
anisotropy determined by the ion uence. The observed deddion is attributed to the
ion-induced anisotropic deformation process in the amauptsilica. Comparing sam-
ples with different Au-shell thicknesses at constant uenese nd that the net observed
anisotropy decreases with increasing Au-shell thickniesis;ating that the Au-shell im-
poses a mechanical constraint on the deformation of theasibre.
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Figure 7.1: Transmission electron microscopy images illustrate different steps in theesystf
metal shells. (a) monodisperse silica cores of about 310 nm in diametéy, Zm Au colloids
on these silica cores, (c) intermediate stage during growth, (d) completstiéils, () Au-shell
colloids coated with a silica layer of about 40 nm. The scale bars are 50@,ran€), 50 nm (b)
and 100 nm (c).

7.2 Experimental

Silica-core/Au-shell colloids were synthesized using itiethod described in Ref. [99].
In brief, monodisperse silica colloids with diameters ie lange between 300 nm and
500 nm were synthesized using théstr method [85] and functionalized with 3-amino-
propyl-trimethoxysilane to enable the attachment of sigalll nanoclusters (12 nm in
diameter). Figure 7.1(a) shows a TEM image of silica coB@ti310 nm in diameter. The
Au-shell was then grown via reduction of an aged solutiorhtdimauric acid by addition
of a hydroxylamine hydrochloride solution [Figs. 7.1(8;dyith the small gold particles
on the silica cores acting as the seed crystals in the rexfueaction. The thickness of the
Au-shell was controlled by the ratio of the amount of preourgrticles and the volume
of the gold salt solution. Thicker Au-shells were grown bgded growth. An additional
outer silica shell was grown via functionalization of thicsi-core/Au-shell particles by
polyvinylpyrrolidone, [88] after which the colloids wemansferred into ethanol to enable
the growth of the outer silica shell via ad®er reaction [Fig. 7.1(e)]. In a similar way,
Ag-shells were grown on Au-decorated silica beads by reoliaif silver nitrate with
formaldehyde in the presence of ammonia and dodecylbenlfghsc acid. [141]

After synthesis, a droplet of the colloidal suspension waeddon a Si(100) substrate
under nitrogen ow, so that the typical surface coverage walt below a monolayer.

The ion irradiations were performed using a 6 MV Van de Graatffelerator. The
ion beam was electrostatically scanned across&IL@cnt area. lon beams of 30 MeV
Cu*, 6 MeV Au** were used either at normal incidence or at an angle divth respect
to the substrate normal. The ion beam energy ux was in thgearf 0.04 0.9 W cmi ?
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Figure 7.2: SEM images of silica-core/Au-shell colloids on a silicon substrate: (a)adiated,
(b, c) irradiated with 30 MeV CU ions at 45 at 77 K to a uence of & 10" cmi 2, viewing
angle parallel (b) or almost perpendicular (c) to the ion beam directioa.upper left schematic
shows the ion beam direction and the SEM viewing angles. The scale b&g8@nm.

for all irradiations. During the irradiation, the samplesresclamped to a liquid-nitrogen-
cooled Cu substrate holder. Scanning electron microscdpMjst 5 30 keV was used
to determine the particles' size and shape before and aftarriadiation.

7.3 Results and discussion

Figure 7.2(a) shows a side-view SEM image*iii angle) of Au-shell colloids on a Si
substrate before ion irradiation. The angle of irradiatod the view angles are indicated
in the schematic inset. The total diameter of the colloids368 18 nm. From this, by
assuming that the polydispersities of the core and the sbkdiids are independent, [99]
the Au-shell is calculated to be (881) nm thick. Next, the sample was irradiated with
30 MeV Cu* ions to a uence of & 10* ions cm 2 at 45. Figure 7.2(b) shows ir-
radiated colloids, imaged along the ion beam direction. d&shed circle indicates the
circumference of the unirradiated particles. It is cleat tihe colloids have expanded in
the direction perpendicular to the ion beam. In Fig. 7.2®,colloids are imaged almost
perpendicular to the ion beam direction, at a side-viewatilgle of 16 with respect to
the substrate surface. Clearly, the colloids have contlaateng the ion beam. The sil-
ica core remains uniformly covered with Au after deformatidhese irradiated colloids
have an average size aspect ratio (major over minor diajradt@r4 78 0.16.

The ion irradiation-induced plastic deformation of amarps materials can be de-
scribed by a visco-elastic thermal spike model. [56, 57] Aargetic ion that penetrates
a solid heats a small cylindrical region along the ion tratkess than 10'? s. The
rapid thermal expansion of this thermal spike causes dewashear) stresses that relax
by Newtonian viscous ow at ion track temperatures above thve temperature. The
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Figure 7.3: Top view SEM images of the same colloids (a silica core colloid and a silica-care/A
shell colloid) before (a) and after (b) irradiation with 30 MeVXuons at normal incidence to a

uence of 1£ 10'° cmi 2. The scale bar is 200 nm. (c) Histograms of the transverse diameter of
Au-shell colloids and silica reference colloids before (lines) and aftadiation (dashed lines).

resulting viscous strains freeze in for large track cookliates, resulting in a net local
anisotropic deformation of the material. The macroscopimanation then is the result
of many ion impacts in each colloid. For the uence and caltoof Fig. 7.2, a typical
number of 18 ions impacted on each colloid. In contrast to amorphous niadgesuch
as silica, crystalline materials like metals do not shovsamopic deformation under ion
irradiation. [49, 54] This effect is attributed to epitaldiacrystallization at the solid-liquid
interface of the molten cylindrical thermal spike region.addition, track temperatures
in crystalline metals are not likely to exceed the meltingperature as a result of rapid
redistribution of the deposited energy in the electronibsystem. [94, 142] For these
metal shell colloids, however, melting has been observedeamperature of 36C, well
below the bulk melting temperature. [143] No melting haverbebserved during the ion
irradiation experiments, indicating that the temperatarne metal shell did not exceed
300C. Given the deformation observed in Fig. 7.2, the deformitigascore must thus
impose a deformation on the Au-shell that would otherwisededorm under irradiation.
We attribute the conformal shape transformation of the hietadiation-induced viscous
ow that leads to an effective softening of the metal undeadliation. Indeed, stresses in
metals such as Al and W are known to relax by ion irradiatimhiced Newtonian viscous
ow. [144, 145] This is further supported by the observatibat the metal shell surface
appears somewhat smoothened after the irradiation [se&.B(g) and Fig. 7.3(b)]. Since
plasmonic properties of these core/shell colloids areigem$o surface roughness, this is
an interesting additional effect of the ion irradiation.

To directly compare the deformation of core/shell collowish that of pure silica
colloids (i.e., without Au-shell), droplets of both colitail suspensions were dried on a
silicon substrate. The average radii of the silica coll@dd silica-core/Au-shell colloids
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Figure 7.4: Averaged normalized transverse diameter versus Au-shell thicknessilifza-
core/Au-shell colloids irradiated with 30 MeV €uto a uence of £ 10'® cmi 2. The observed
deformation is reduced upon an increase in Au-shell thickness. Thedléige is a guide to the
eye.

were (14% 4) nm and (178 6) nm, respectively. The average thickness of the Au-shell
thus amounts to (&47) nm. Fig. 7.3(a) shows a top-view SEM image of a silica adllo
(left) and a silica-core/Au-shell colloid (right). Afterradiation with 30 MeV CB' ions

to a uence of £ 10* ions cm 2 at normal incidence the same two colloids were imaged
again, as shown in Fig. 7.3(b). Note that the nanoscale resi{e.g., the hole) of the
Au-shell are preserved. As expected, the transverse diorensf both types of colloids
have increased. However, the transverse diameter of iba silloid is now larger than
that of the silica-core/Au-shell colloid. Figure 7.3(c)s¥s the distributions of the trans-
verse diameter of the colloids before and after the ion iatagh. Gaussian ts through
these data show that the average transverse diameter dli¢hecslloids increased from
(2978 6) nm to (48@ 12) nm, while the average transverse diameter of Au-shédids
increased from (34510) nm to (42@ 15) nm. From this, we conclude that the presence
of the Au-shell reduces the ion beam-induced anisotrodierdetion of the silica core.

We have also performed experiments on the deformationicdsibres covered with a
silver shell. Very similar deformation effects are obseras for the Au-shell, with the Ag
owing conform with the silica core's shape, leading to th@rhation of an anisotropic
Ag-shell.

To examine the effect of the Au-shell thickness on the de&tion process in more
detall, silica-core/Au-shell colloids were synthesizathg identical silica cores of radius
(2178 10) nm and varying Au-shell thickness. After the synthakisthickness of the Au-
shell was found to be (Z13) nm, (48 10) nm, and (58 10) nm. A 30 MeV Ca* beam
at an angle of 45was used to deform the colloids. The uence wds 10" ions cm 2.

In Fig. 7.4 the average transverse diametdr > is plotted versus the thickness of the
Au-shell. The data were normalized to the average diametep > before irradiation.
We observe that the anisotropic deformation decreasesaiparcrease of the thickness
of the Au-shell.
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Figure 7.5: SEM images of silica-core/Ag-shell colloids on Si before (a) and aftere Mu®*
irradiation at uences of 1810 cmi 2 (b), 2.2 10" cmi 2 (c) and 4.5 10 cmi 2 (d). All
images are taken at the same magni cation and at a side view angle*of Tl anisotropic
deformation of the partly etched silica core becomes visible only at higherces Scale bar is
500 nm.

It is by now quite well established that the electronic stog|se of the energetic ions
Is responsible for the ion beam-induced plastic deformatioamorphous materials like
silica. [53, 146] The decrease 8 in the silica due to the energy loss in the Au-shell
is only 1% for the dimensions under consideration. [47] Téwuced deformation of the
silica core must thus be due to the mechanical constrairiteofrtetal shell. Indeed, for
very large shell thicknesses, no deformation of the cor@peeted. Our data in Fig. 7.4
predict this to occur for Au-shells on silica colloids (wdlradius of 217 nm) thicker than
about 100 nm.

It is interesting to compare our data with those by Garetlal, who studied mul-
tilayered systems, composed of a crystalline layer of Au osaifdwiched between two
layers of amorphous BB. [147] Upon ion irradiation with 500 MeV | ions, they ob-
served that the crystalline layer was subjected to a tessiéss due to the expanding
adjacent amorphous layer. In this case, the metal layerdbenteracts the expansion of
the amorphous layers by means of macroscopic elastic fottass found that the net
deformation decreased with thickness of the crystalligerasimilar to our experiments.

Another proof that the anisotropic deformation of metalllsbelloids is driven by
the ion-induced deformation of the silica core, is given togdiation of metal shell col-
loids with incomplete cores. Ag-shells were grown on sileoaes with a diameter of
400 nm. [141] After the synthesis, the silica cores werearmty etched by a so far un-
known process to about a diameter of 300 nm. The size of theétsilica cores was
determined by heating the Ag-shells for 1 hour at*¥@ melt the 20 nm thick silver
shells. Non-etched silica cores measured83Bd nm in diameter after the anneal.

The Ag-shell colloids with etched cores were irradiatechv@itMeV Au®* ions at an
angle of 45 to uences in the range of 1;06.5€ 10'* cmi 2. SEM images, taken at a side
view angle of 16 before and after irradiation, are shown in Figure 7.5. Atva loence,
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Figure 7.6: Normalized transverse diameter versus the original diameter of the silica and th
silica-core/Au-shell/silica-shell colloids after irradiation with 650 Au®* cmi 2 at an angle of
45*: silica (closed squares), silica-core/Au-shell (open squares)itracore/Au-shell colloids
with an outer silica shell (open triangles/crosses). The core/shell/shaltgte of the colloids is
also indicated schematically. A side-view SEM image of irradiated Au-shellidsllwith a thick
silica shell is shown as inset. The scale bar is 500 nm.

Fig. 7.5(b), the overall size of the colloids has shrunk,chhs ascribed to ow of the
metal shell onto the shrunk silica cores. At higher uendbs, anisotropic deformation
induced in the silica core becomes prominent as can be aasanFig. 7.5(c) and (d).

Next, we investigated the plastic deformation of silicd@dks covered with a Au-shell
and an additional silica shell. This outer silica shell isfusin preventing aggregation of
the metal shell colloids during growth and drying of collaidrystals (by reduction of the
van der Waals forces). It could also serve as a host for d@roéters such as dyes, rare
earth ions or quantum dots, whose emission can be modi edvéydcal eld enhance-
ments. The thickness of this outer silica shell was eithd8 @ nm or (133 7) nm. The
Au-shell colloids consisted of a silica core with a radiugb49% 4) nm covered with a
(248 7) nm thick Au-shell. Silica colloids of different sizes, deusing seeded &ter
growth, were used as a reference for the deformation expetsn The colloids were ir-
radiated with 6 MeV Ad* ions to a uence of 6.5 10'* ions cm 2 at an angle of 45at
77 K. The resulting deformation of the colloids versus thikoos diameter before irradi-
ation is shown in Fig. 7.6. The core/shell/shell structuréhe colloids is schematically
depicted as well.

Three conclusions can be drawn from this graph. Firstly,plore silica colloids
(closed squares) the ion beam-induced anisotropic defameate decreases with de-
creasing diameter. As will be shown in a separate papereffest is due to capillary
stresses resulting from the surface tension. [148] Segpasliwas already shown above,
Au-shell colloids (open squares) show a smaller relatiferdeation than the correspond-
ing silica core colloids (closed squares, diameter 300 fding. spread in the data re ects
the polydispersity of the shell thickness. Thirdly, Au-Ble®lloids with an additional



|ON BEAM DEFORMATION OF METAL SHELL COLLOIDS 69

silica shell (open triangles, crosses) deform less thage pilica colloids of equal size,

but for increasing silica shell thickness, the overall defation approaches that of pure
silica colloids. The inset in Fig. 7.6 shows a side-view SEhMge of irradiated Au-shell

colloids with thick silica shells. In the image, taken usam@0 keV electron beam, the
embedded (deformed) Au-shell appears as a clear conttastisia result of the backscat-
tered electrons of the substrate and the Au-shell, thatrgemnadditional secondary elec-
trons, which then are both detected. Due to the sensitiViti@backscattered electrons
to the tilt angle of the sample, the inverse contrast can Bervied as well (for example

at normal incidence).

7.4 Conclusions

In conclusion, we have shown that MeV ion irradiation can sed.to turn spherical col-
loids with a silica core and a metal shell into oblate ellipgso A typical major-to-minor
aspect ratio of 1.5 is achieved after irradiation with 30 Me¥?* to a uence of £ 10*
cm' 2. The anisotropic plastic deformation is attributed to the-induced deformation of
the silica core, counteracted by the mechanical constoditite metal shell. At constant
uence, an increase of the metal shell thickness reducedefermation, while the addi-
tion of an extra silica shell results in deformation rates tpproach the deformation rates
of silica. Due to the high level of control over the aspedorand to the well-de ned ori-
entation inherent to the method, these anisotropic metidiectric colloids may be ideal
building blocks in photonic applications.
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Optical properties of spherical and
anisotropic gold shell colloids

Core/shell colloids consisting of a metal shell and a dieleciore are known for their
special optical properties. The surface plasmon resonainteese metal shell particles
strongly depends on the ratio between the relative dimessib the core and shell. In
addition, size and shape play an important role: largeigd@stshow excitation of higher
order modes, and anisotropic particles show split trasgvand longitudinal modes. In
this Chapter, we investigate the optical properties of sphkand oblate ellipsoidal Au-
shell colloids. Experimental data are in good agreemertt Witnatrix calculations on
single patrticles.
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8.1 Introduction

The unusual optical properties of metal structures withesisions smaller than or com-
parable to the wavelength of light are topic of intensiveeegsh. The key concept in this
eld is the surface plasmon resonance, a collective resoosgillation of the conduction
electrons in the metal con ned to the interface between th&ahand a dielectric.

For small metal particles, the surface plasmon is con netthéoparticle and is there-
fore also called a localized surface plasmon. The resonaegaency strongly depends
on the shape of the particle, but also on the size and thectlieleonstant of the sur-
rounding medium. [34, 37] Under illumination at resonarfte ¢lectromagnetic elds at
the surface can be enhanced by several orders of magnitudaugz of the enhanced
eld intensities and the tunability of the resonances, ntous applications are possible.
Examples include surface enhanced Raman scattering (SEREgIavaveguiding and
biochemical sensing. [149]

Structures composed of a metal shell on a dielectric corédixhlarger tunability of
the surface plasmon frequency than the opposite geomestaliowore/dielectric-shell),
since the former resonance is very sensitive to the thickoethe metal shell. [44, 136]
For decreasing metal shell thickness, a red-shift of thenptan resonance is observed.
This is attributed to the electromagnetic coupling betwibersurface plasmon modes on
the inner and outer boundary of the metal shell, resultirtggoinew eigenmodes. [45, 46]
This process is similar to the hybridization of atomic caltstthat creates molecular or-
bitals. The red-shifted symmetric mode (with like chargesh® inner and outer boundary
of the shell) has the largest dipole moment and couples mastgly with the incoming
eld, whereas the overall dipole moment of the blue-shifsedi-symmetric mode (corre-
sponding to opposite charges on the inner and outer bourdding shell) is negligible
due to the antiparallel alignment of the dipoles. [46]

Anisotropic particles show a split in plasmon resonance anransverse and longitu-
dinal mode. In literature, only a few articles have been ighield on anisotropic core/shell
particles, probably due to the dif culty to control the piee size and shape of the par-
ticles. Limmeret al. [137] and Wangget al. [138] have reported on the fabrication and
optical characterization of rod-like dielectric partislevith a metal coating. Wang re-
ported on a red-shift of the longitudinal plasmon resondncabout 200 nm from 1080
to 1270 nm as the shell thickness on 340 nm long hematite lgsingl reduced from 28
to 10 nm. However, hematite absorbs light in the visible agxlcle limits the use of these
particles in optical applications. Wargg al. also show calculations with local eld en-
hancements of 7000 at resonant excitation, similar in ntadaito results reported on
closely-spaced metallic nanoparticles. [33, 108, 150]

Recently, we have shown that oblate ellipsoidal Au-sheliiglas with a continuously
and precisely variable shape can be fabricated using MeWwriadiation. [151] The highly
energetic ions induce an elongation perpendicular to thééam and a shrinkage parallel
to the ion beam, and the degree of anisotropy can be tunecehgrhuence. With this
new technique, in detail described in Chapter 7, it is possiblmake large substrates
with relatively monodisperse oblate ellipsoidal part;ieith the short axis aligned in the
direction of the ion beam. This enables angle-dependerdabgixtinction measurements
on large numbers of same-oriented anisotropic particlesyiging information on the
shape- and orientation-dependent optical propertieseopdrticles with simple optical
techniques.
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Figure 8.1: Transmission electron microscopy images of silica-core/Au-shell colloidsred
with an outer silica shell: system A (a) and B (b). Both are on the same scalescttte bar
measures 500 nm. Fig. 8.1(c) and (d) show optical microscopy images éatien mode of
samples with colloids of system A at a high surface coverage, dried withpand with (d) use
of critical point drying. The insets show an area 6f® m?. The scale bars in (c,d) are1@.

In this Chapter, we investigate the optical properties oésighal and oblate ellipsoidal
Au-shell particles with sizes comparable to the wavelemgtight. Both experimental
data and calculations are presented. First, for spheraréicfes, we investigate the de-
pendence of the optical extinction spectra on the core saaind shell thickness. The
optical extinction spectra of these large particles shahéi order plasmon modes as the
light cannot polarize the particle homogeneously. Theutatons show that, upon an
increase in shell thickness, the extinction peaks canresthié towards the blue or red as
a result of the competition between the plasmon hybridizagshifting peaks less red for
thicker shells) and the size of the particle (shifting peakse red for larger overall size).
Next, we present measurements of the optical extinctiomisiéropic Au-shell colloids,
both as a function of angle of the incident light relativehie particle orientation and as
a function of size aspect ratio. The experimental data areddo be in good agreement
with T-matrix calculations for single oblate ellipsoidaliAshell particles.

8.2 Fabrication

8.2.1 Synthesis of spherical Au-shell colloids

Spherical Au-shell particles were fabricated using thehoétof Ref. [99] and covered
with a thin silica shell. [88] Both systems were puri ed by egted sedimentation and
redispersion in ethanol. In this Chapter, we will investegparticles consisting of a silica
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Figure 8.2: Side view SEM images (at £pof sample B after irradiation with 4 MeV Xe ions for
a uence of ¥ 10*/cn? at an angle of 45 The particles are all aligned with the short axis in the
direction of the ion beam, indicated by the arrow. The scale bars‘ane @) and 500 nm (b).

core of radius 156 nm covered with a 25-nm thick Au-shell ad0-am thick outer silica

shell (system A); and colloids with a silica core of radiu82#n covered with a 38-nm
thick Au-shell and a 60-nm thick outer silica shell (system B)e particle sizes were
determined by transmission electron microscopy (TEM). TiaMges of both systems
are shown in Figs. 8.1(a) and (b). The size polydispersiBsfor the silica core and
about 5% for the Au-shell colloids. From this follows, assugithat the polydispersities
are independent, a polydispersity in shell thickness dt hén (40%) and 15.0 nm (39%)
for system A and B, respectively.

8.2.2 Preparation of substrates

Samples for optical measurements were made in the followiag Standard micro-
scope slides of 1 mm or 150m thickness were cleaned with chromosulphuric acid and
then rinsed several times with water and ethanol. The glaksssvere then coated with
poly(allylamine) hydrochloride (PAH, W= 15000 g/mol) as described in Ref. [152].

Samples of system B were prepared by putting the glass shidesolloidal suspen-
sion in ethanol with a concentration of 8.80" particles mli * with a lling height of
0.8 cm and the colloids were allowed to sediment for at ledst @fter that, the sol-
vent was carefully removed with a pipette and the sampleg waed in air. Samples
fabricated by method B contain both single and clusteretigies. All samples have a
coverage of less than a monolayer, see Fig. 8.1 and 8.2(a).

For system A, deionized water with a resistivity of 18 MMillipore) was further
deionized by use of ion resin beads (Biorad AG 501-X8). Podhe sedimentation step,
the colloids were dispersed into the puri ed water to inseethe thickness of the electro-
static double layer of the (negatively) charged colloidsdrAplet of the suspension was
then put on the (positively-charged) PAH-coated substaatkthe colloids were allowed
to sediment for 3 hours. Critical point drying with liquid G@Baltec CPD030) was used
to prevent colloid clustering and/or removal by the surfesesion forces that otherwise
would occur during drying. This effect is clearly seen in tigical re ection microscopy
images in Fig. 8.1(c,d). Two samples with the same colloiecage were dried in air (c)
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or with critical point drying (d). Whereas the sample drie@inhas a considerable num-
ber of clustered particles, the sample made by use of drjgmiat drying only contains
single, non-touching particles.

8.2.3 lonirradiation

MeV ion beam irradiation was used to change the shape of fl@dfrom spherical to
oblate ellipsoidal. [151] After the irradiations, the aage aspect ratio (major over minor-
axis) of the colloids was determined by scanning electrotcrascopy (SEM). Samples
with colloids of system A were irradiated by 6 MeV Auions at an angle of 455* to
uences of £ 10" c¢cm 2, 7£ 10'* cmi 2 and ¥ 10'° cmi 2, yielding size aspect ratios
of 1.380.15, 1.8 0.2 and 1.8 0.2, respectively, as deduced from SEM. Samples with
colloids of system B were irradiated with 4 MeV Xeions at an angle of 455* to a
uence of 1£ 10* cmi 2. The size aspect ratio of the colloids was8l(82. SEM images
of irradiated colloids of system B, taken at a side view andlé@ with the sample
surface are shown in Fig. 8.2. It is clear from these imagasttte particles are aligned
in the direction of the ion beam.

8.2.4 Optical extinction

Optical extinction measurements were done using a duattieary 5 spectrophotome-
ter. The samples, covered with immersion oil to match theaotive index of the silica
substrate (Cargille Inc., Type B, Formula Code 1248; 1.5150), were mounted on a
rotatable sample holder. The illuminated area was redugaasb of circular pinholes
with a diameter of 1 mm.

8.3 Spherical Au-shell particles

The optical properties of Au-shell colloids are very samsito the dimensions of the
dielectric core and metal shell. [135] Optical extinctioeasurements can thus provide
information about these dimensions. In this section, weasinpare measured extinction
spectra to Mie calculations of the extinction ef ciency4]3The extinction ef ciency is
de ned as the extinction cross section normalized by thergetdcal cross section of the
particle.

Figure 8.3 shows the measured extinction spectra for sgigrarticles of system A
(a) and system B (c) embedded in immersion oil (solid lind)e $pectrum of system A
shows three peaks at wavelengths of about 680 nm, 820 nm &dchid; the spectrum of
system B is less structured and shows a broad peak at&&®nm. In the same panels,
the results of calculations for single particles are shoslaslied lines). The calculations
were done using the size parameters from TEM as input paeasn@ystem ARcqre =
156 nm,ta, = 25 nm; system BRcgre = 228 nm,ty, = 38 nm). The experimental di-
electric constants of Au by Johnson and Christy [36] were wsedodel the gold shell.
The calculation for system A reproduces the main featuréisarexperiment quite well.
For system B, the agreement is less good although the maingseakd 509 800 nm
Is observed both in the experiment and the calculation. &bethat the peak structure
in the experiment is not as sharp or even absent as in thelaiadey is ascribed to the
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Figure 8.3: Optical extinction measurements (solid line) and calculations (dashed linéufor
shell particles of system A (a) and system B (c). The embedding medium Gabidulations were
done for particles with dimensiofi&.qre = 156 NM anda, = 25 nm [system A, (b)] an®core =
228 nm,ta, =38 nm [system B, (d)]. The contributions of scattering (dotted line) d&sdgtion
(dashed line) to the extinction (solid line) of the calculations shown. The mezhsxtinction
spectra were scaled to overlay the calculated spectra.

particle size inhomogeneity (see below), and possibly byesparticles touching each
other [Fig. 8.1(c)]. Figures 8.3(b,d) show the contribnf®f the scattering (dotted line)
and the absorption (dashed line) to the extinction ef cie(solid line). As can be seen,
the extinction for particles of this size is mainly causedsbgttering rather than by ab-
sorption.

The dependence of the extinction spectra on the size of tleeaswl the thickness of
the shell was studied by Mie calculations, concentratinghersize range of the colloids
of system A [Fig. 8.3(a)]. Figures 8.4(b-d) show the resoftsalculations for core radii
of 153 nm, 156 nm and 159 nm. In each panel, graphs are shoviouiodifferent shell
thicknesses: 20, 25, 30 and 35 nm. To facilitate the compagtween experiment and
theory, the measured extinction spectrum of Fig. 8.3(ahavs in the top graph. The
peaks in the spectrum are labelled with D, Q and O, referonipé¢ dipole, quadrupole
and octupole modes, respectively. Fig. 8.4(b) shows thdtee®r a xed core radius
of 153 nm. As the shell thickness increases from 20 nm (ddite) to 35 nm (solid
line), several changes in the spectrum are observed. Thgeslachange is seen for the
guadrupole peak which almost vanishes for increasing #fiekness. The same trends
are observed for core sizes of 156 nm [Fig. 8.4(c)] and 159 Fign B.4(d)]. By com-
parison of the calculated and measured spectra, we dedaicinéhshell thickness of the
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Figure 8.4: Measured extinction spectrum of system A (a) and calculations of the gatirfor
Au-shell particles with a core radius of 153 nm (b), 156 nm (c) and 1B4d). The thickness of
the Au-shell is 20 nm (dotted), 25 nm (dash-dot), 30 nm (dash) and3&alid lines). The peaks
are labelled with D (dipole), Q (quadrupole) and O (octupole).

colloids is in the range of 3530 nm, in agreement with TEM data.

The positions of the octupole, quadrupole and dipole peaks determined from the
extinction spectra, and plotted versus total particleusadh Fig. 8.5. Data are plotted for
three different core radii (153, 156 and 159 nm), and theesutkius re ect the effect of
varying the shell thickness. Fig. 8.5 shows that for a xetht@adius of 181 nm (i.e.,
the size of colloids of system A), the peak wavelengths ofatteipole and quadrupole
mode are very sensitive to both the core radius and the $tefintess: a change of only
6 nm in core radius (e.g., from 153 nm to 159 nm, i.e., a changhell thickness from
28 to 22 nm) causes a red-shift of about 40 nm. In measuremanksrge ensembles
of particles, small size variations will thus result in a&dening and attening of these
peaks.

The observed blue-shift of the octupole peak [Fig. 8.5(@)]ificreasing total radius
is ascribed to the reduced interaction between the plasnumtesat the inner and outer
boundary of the Au-shell. The quadrupole [Fig. 8.5(b)] amubtt modes [Fig. 8.5(c)]
show a more complex dependence on size. For thin shells eatexwith increasing shell
thickness is observed, as for the octupole mode, but foetasigell thickness an increase
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Figure 8.5: Resonance wavelength of the octupole (a), quadrupole (b) and dgoxt{nction
peaks versus total radius, for silica-core/Au-shell spheres with @aie of 153 nm (circles),
156 nm (open squares) and 159 nm ( lled squares). The embeddingmeésisilica.

in resonance wavelength is observed. This is ascribed teepteardation effects, that
are known to red-shift the resonance wavelength for inangasze. [34, 37] Indeed, the
observed red-shift of the dipole peak for particles withtaltcadius of 180 nm and larger,
is similar to that of solid Au patrticles of the same size.

We conclude that for the range of size parameters studies] bezre is a trade-off
between the coupling between the surface plasmons at tiee amad outer boundary of
the Au-shell (causing a red-shift for thinner shells) andgghretardation effects (causing
a red-shift for large particles).

We nally remark that the results of the calculations alspeied on the optical con-
stants used to model the Au-shell. The exact dielectricteons of Au by this fabrication
method are not known and may differ from literature valuemalb variations in opti-
cal constants can result in signi cant peak shifts in thecakgtions. For example, for
a Au-shell particle in silica with a core radius of 156 nm andwashell of 25 nm, the
quadrupole extinction peak varies by 15 nm using either (gheml) data of Palik [35]
or those of Johnson and Christy. [36] Also, for very thin mefag¢lls (smaller tham
10 nm), the dielectric constant may be size-dependent daelkange in relative contri-
butions of electron scattering at the surface. [34, 37] Wosld result in a broader and
a less structured extinction spectrum. [38] However, relbgint scattering measurements
on single Au-shell particles suggest that the resonancaderong found in ensemble
measurements is mostly due to the polydispersity in siZj. [3

In the following sections, we will use the particle dimemsoobtained from TEM
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Figure 8.6: Optical transmission spectra of ion irradiated Au-shell colloids of systemdfanc-
tion of angle of the incident light beam [Fig. 8.6(a)]. The angle was vdrad -45" (i.e., parallel

to ion beam direction, spectrum h) to #4f.e., perpendicular to the ion beam direction, spec-
trum b) in steps of 15 The transmission spectrum for spherical colloids is shown for referen
(spectrum a). The maxima of the spectra in Fig. 8.6(a) are plotted in Fig.) &&@ function of
the angle of the incident optical beam.

measurements as input for the calculations, and continusddulk dielectric constants
for Au from Johnson and Christy.

8.4 Anisotropic Au-shell particles

8.4.1 Angle-dependent extinction

Angle-dependent extinction spectra were measured usiotatable sample holder and
unpolarized light. Fig. 8.6(a) shows the normalized exiorcspectra of the sample with
ion beam-deformed colloids of system B, taken at differemfi@s of the incident light
with respect to the surface normal. Measurements were darggies of -45 (spectrum
h, i.e., light approximately along the ion beam directiom)}+#45" (spectrum b, perpen-
dicular to the ion beam) in steps of*18Nhen converted using Snell's law, this external
angular range corresponds to *29+29" inside the samplen(= 1.5). As a reference,
spectrum (@) in Fig. 8.6(a) shows the extinction of a samplke wnirradiated, spherical
colloids. We observe that the extinction of the anisotrapitoids is broader and strongly
angle-dependent: the maximum in extinction shifts to ttieaned for angles more paral-
lel to the ion beam direction. This shift is clearly seen ig.F8.6(b), were the extinction
maxima are plotted as a function of angle of incidence. Weasthat the extinction
maximum ranges between 700 nm and 1400 nm. Note that the orientation was given
incorrectly in Ref. [151]

The in uence of the aspect ratio on the spectral shift wagstigated in more detail
using sample A in which calculations showed a closer matth @iperimental data [see
Fig. 8.3(a)] and where no particles were in contact. As aegiee, the spectra of spherical
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Figure 8.7: Optical extinction spectra for unpolarized light of spherical (a) andliatad (b-d)
Au-shell particles (system B) measured at an angle of {(48lid lines) and +45 (dashed lines)

to the sample normal. After ion irradiation at®4® uences of £ 10'“ ions cm ? (b), 7€ 1014
ions cm 2 (c) and E 10 ions cm 2 (d), the two spectra are different. T-matrix calculations of an
oblate Au-shell particle with aspect ratios of 1.0 (e), 1.3 (), 1.5 (g) aidH) at constant volume
show quantitatively the same behavior.

colloids taken at angles of -4&nd +45 are shown in Fig. 8.7(a). As expected, there is no
noticeable distinction observed in these spectra whenrtgke @ varied. Figures 8.7(b-d)
show the extinction spectra for unpolarized light measwredblate ellipsoidal particles
with an aspect ratio of 180.15 (b), 1.8 0.2 (c) and 1. 0.2 (d). A clear difference be-
tween the two spectra is observed, even for the smallesaszect ratio of 1.3. For light
incident at -45 (parallel to the ion beam direction, solid lines), we obseihat the ex-
tinction in the infrared part of the spectrum (region of tlygode mode) is enhanced. The
relative contribution of the quadrupole and octupole pedss changes. For light incident
at +45 (perpendicular to the ion beam, dashed lines), the extingteak in the infrared is
decreased, and a broad extinction peak is observed aro@nmth70Quantitatively similar
effects, but more pronounced are observed for particlds aviarger anisotropy. As the
particle anisotropy is increased, the dipole mode showsdugl red-shift, which is as-
cribed to retardation effects, as with increasing size etS¢io ( uence) the dimensions
of the long axes become larger.
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Figure 8.8: Optical extinction measurements (a) and calculations (b) for Au-shell |eertigth
aspect ratio of 1.7 at angles from #8op) to +45 (bottom) in steps of I5(unpolarized light).
Spectra are shifted vertically for clarity.

Calculations of the optical extinction were done for an ab#lipsoidal silica-core/Au-
shell particle in silica using the T-matrix method. [41, £386] A spherical particle with a
silica core with radius of 156 nm covered by a 25-nm thick Aelbwas used as a starting
point. The shape of the particle was then changed into aneoélipsoid by keeping the
volume constant. The core and the shell are considered asomagntric ellipsoids with
the same aspect ratio, in which case the shell thicknesd isamstant over the particle.
This shape is predicted by the viscoelastic model that descthe ion beam deforma-
tion experiments very well. [57, 92] Figure 8.7 shows theiltssor aspect ratios of 1 (e,
sphere), 1.3 (f), 1.5 (g) and 1.7 (h). These aspect ratioaldlje size anisotropy of the
colloids found in SEM. The calculation results resemble ynafrthe features observed in
the experiments [Figs. 8.7(a-d)], both for the orientadiparallel (solid lines) and perpen-
dicular (dashed lines) to the symmetry axis of the partidies example, the blue-shift of
the octupole peak, the red-shift of dipole peak, and thewdfice in extinction in the IR
part of the spectrum for two orientations are well reprodudéhe calculations also show
that for unpolarized light incident perpendicular to thensyetry axis, in contrast to the
orientation parallel to the symmetry axis, the peak stmects broad and without much
structure, as is observed experimentally.

While Fig. 8.7 presents extinction data for light incidentgel and perpendicular
to the symmetry axis, Fig. 8.8 shows the extinction takenr avenge of angles for the
sample with the highest aspect ratio (uend@10'® cmi 2, aspect ratio 1.7). The angle
of the incident light with respect to the surface normal iaraed from -45to +45, in
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Figure 8.9: Optical extinction spectra of oblate ellipsoidal Au-shell particles with aspi

of 1.7 using light polarized along the long axis of the particles. Light is incigamnallel (top)
and perpendicular (center) to the symmetry axis. The top graph is shiftédallg for clarity.

Calculation results are represented by thin lines, and include the spearlight perpendicular
to the symmetry axis with the polarization along the short axis (dash-dotted line).

steps of 15. The spectra are plotted with a vertical offset for clarifys the angle is
changed from -45(top, parallel) to +45 (bottom, perpendicular), we observe a gradual
change in the shape of the spectra: the extinction in thanedrpart (dipolar mode region)
decreases, and the extinction at pA®00 nm (higher order modes) becomes one distinct,
but broad peak.

A better understanding of the spectral shapes can be obt&ioi extinction mea-
surements with polarized light. Fig. 8.9 shows two measepathction spectra for par-
ticles with an aspect ratio of 1.7 (system A, uenc&1I0'® cmi 2), each with the polar-
ization of the incident light beam parallel to one of the l@@s of the oblate ellipsoidal
particles (see the schematic in the Fig. 8.9). In the samghgthe results of the calcula-
tion are plotted for the same orientation and polarizatibthe incident light (thin solid
and dashed lines). The calculations match the experimeiptaliar peak around 1600 nm
rather well, and show a double and triple peak structure &&tm600 and 1000 nm for
the two incident directions. These peaks are also obsemgerienentally, though less
pronounced. In the quasi-static limit, in which the pasdislze is much smaller than the
wavelength of light, the resonances related to the long afkas oblate ellipsoid only de-
pend on the aspect ratio of the particle, not on the orieamtaif the particle with respect
to the propagation direction of the light. [34] The partgla this experiment have sizes
comparable to the wavelength of light. Light incident pewgieular to the symmetry axis
has a longer optical path the particle than light incident parallel to the symmetrysax
of the particle, and can thus experience more phase retanddiherefore, the peaks are
shifted towards the red and a new higher order mode becorsiedevat 660 nm.

The experimental and calculated extinction spectra foanmed light incident along
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the symmetry axis in the top graphs of Fig. 8.9 are similahtdorresponding spectra
obtained with unpolarized light (top spectra in Fig. 8.8)deed, this is what we expect
for light parallel to the symmetry axis of the oblate ellifkad particles, as this orientation
is polarization independent (circular cross section).

Fig. 8.9 also shows the calculation result for light incitlperpendicular to the sym-
metry axis of the particle, but with polarization along t®g axis of the particle (dash-
dotted line, bottom graph). The spectrum is divided by adiaof two for clarity. Two
peaks are observed, and their position is shifted with i@gpehe peaks in the spectrum
for polarization along the long axis of the particle. The soithe two spectra for po-
larized light (for light incident perpendicular to the syratry axis) gives the broad and
unstructured peak in the spectrum observed for unpolahgkt[e.g., Fig. 8.7(d)].

8.5 Conclusions

In conclusion, we have investigated the optical propeniespherical and oblate ellip-
soidal Au-shells. We showed that the optical extinctionatedmined both by the size of
the particle and the thickness of the Au-shell. Extincticgasurements on the anisotropic
particles, fabricated and aligned using MeV ion irradiatishow a strong dependence on
the angle of incidence. For example, the peak associatbdhégtdipole mode of the par-
ticle, in the infrared part of the spectrum, is favored fghliincident along the short axis
of the particle and red-shifts as the aspect ratio is inecashe agreement between cal-
culations for single particles and the ensemble averageeregrental data is very good.
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Optical cavity modes in gold shell
particles

Gold (Au) shell particles with dimensions comparable towlaelength of light exhibit a
special resonance, with a tenfold eld enhancement ovepsatithe entire dielectric core
at resonant excitation. Full- eld nite difference time dwin simulations and T-matrix
calculations show that the resonance frequency of this nesensitive to the dielectric
constant, size and shape of the dielectric core. For anjsictoblate Au-shells, the res-
onance frequency shifts towards the red for plane-wavemitation polarized along the
short axis of the particle in agreement with an ellipsoidality in a metal surrounding.
This cavity-mode has a quality factor of 35 and may be usecamorengineered light
sources, lasers, or sensors.
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9.1 Introduction

Small (noble-)metal particles exhibit interesting optipeoperties due to the collective
oscillation of conduction electrons (surface plasmongjis Tocalized surface plasmon
mode causes con nement of the electromagnetic eld neasthface, and leads to strong
absorption and scattering in the visible and near-infratepgending on geometry, size
and shape of the metal particle. The enhanced local eldsbeansed to enhance the
uorescence emission of dyes close to the metal surface ][16give increased signals
in Raman spectroscopy [158, 159], or to increase the phditistaof photoluminescent
dyes by shortening the excited-state lifetime. [160, 161]

The strength of the local electric eld strongly depends ba shape and size of the
metal particle. The highest eld enhancements are obtaatettie plasmon resonance
frequency and close to highly curved surfaces. The plasmegquéncy of most noble
metals occurs in the visible for solid particles. [37] Dhéc-core/metal-shell particles
exhibit a larger tuning range: the plasmon frequency carubed throughout the vis-
ible and near-infrared spectrum by a change in relative dgias of the core and the
shell. [44, 135, 136] Additional tunability can be obtaingglshape anisotropy, that in-
duces a splitting of the plasmon resonance in blue-shifetsterse and red-shifted lon-
gitudinal plasmon bands. [34, 138] (see Chapter 8)

The near- eld optical response of metallic particles to theident light wave can
be calculated by a variety of methods. Geometries with a Hegiree of symmetry are
usually treated by analytical Mie theory and the T-matriximoe (Chapter 8, Ref. [34]).
Numerical methods such as the discrete dipole approxim@®A) and the nite differ-
ence time domain method (FDTD) are more versatile than exatitods in the sense that
non-symmetrical structures (e.g., triangles, arrays dahparticles, particles with rough
surfaces) and non-symmetrical situations (e.g., pastictea substrate) can be treated as
well. [16, 33, 162—-164] Optical absorption and scatterag well as the local electro-
magnetic elds and induced charge densities at the surfaegsbe calculated with these
methods.

Surface enhanced Raman spectroscopy (SERS) measuremeriberitad metal-
shell particles show a Raman signal enhancement by a fact6f of solution and 18 on
substrates, when compared to Raman spectra taken away feametial. [159, 165, 166]
In SERS, the total electromagnetic contribution is gengrahsidered to be proportional
to the fourth power of the electric eld. Experiments andotdtions indicate that the
enhancement of the SERS signal is maximal for small partiwigs core radius in the
size range of 50-100 nm. [159] The surfaces of the metal-sbkbids can be very rough
as a consequence of the fabrication method and can thusiggvéor‘hot spots” in the
electromagnetic eld density. The effect of the surfacegimoess on the near- eld distri-
bution of the electric eld was therefore studied by FDTD68] For single nanoshells of
50 nm in radius, it was found that the surface roughness afedtdan the shell affected
the local eld enhancement signi cantly. However, far elgroperties (optical absorp-
tion and scattering) were found to be remarkably insergsifiwas also shown by FDTD
calculations that, for longitudinal excitation of prolgted-like) Au-shell particles with a
size aspect ratio of 6.3, local eld intensity enhancemewtdrs can be as high as 7000
with a large enhancement extending several tens of nanosrieten the surface of the
particle. [138]

In contrast to SERS, the enhancement of the luminescencesityteby the plas-
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mon elds is limited by non-radiative energy transfer to therface plasmons in the
metal. [167, 168] This luminescence quenching takes plasmall distances{ 10 nm)
between the dye and the metal. At larger distances, howteeglectromagnetic eld en-
hancement by the surface plasmon in the metal is still ptes®h uorescence enhance-
ment may be observed. As a result, there is an optimal distbetwveen the dye and the
metal for uorescence enhancement, typically in the rangg0ao 40 nm. [157, 161]

In this chapter, FDTD and T-matrix calculations are emptbye study the plasmon
resonances and eld distributions in large Au-shell pdesovith dimensions comparable
to the wavelength of light. The calculations are inspiredthiy work on oblate ellip-
soidal Au-shells made by MeV ion irradiation as describe@Ivapter 7 and Ref. [151].
Resonance frequencies and local elds are obtained from Fbdltulations and com-
pared to far eld absorption and scattering spectra obthfr@m T-matrix calculations. In
addition, FDTD simulations provide insight in the dynamagghe time evolution of the
electromagnetic eld in and close to the particle. Both sptediand anisotropic Au-shells
are considered.

The results indicate that Au-shell particles with a diamefehe order of the wave-
length of light show a strong resonance with a ten-fold enbdrelectric eld throughout
the entire dielectric core. From the dependence of the essmnfrequency on size and
dielectric constant of the dielectric core, we concludé ihis a geometric cavity mode.
This is further supported by the observation of a blue-gtfithe resonance frequency for
longitudinal polarization and a red-shift for transversdapization for oblate Au-shells.
Since the eld enhancement occurs in a large volume, not oldge to the metal, this
cavity-based resonance may be useful for the enhancemduinafescence of optical
emitters (such as quantum dots, dyes, rare-earth ionggladhe dielectric core. [169]

9.2 FDTD calculation scheme

Three-dimensional full- eld electromagnetic simulat®hased on nite difference time
domain techniques were employed to study the electromiagreddl distributions of
spherical and anisotropic Au-shell colloids. [131] Thelel¢ric core of the Au-shell par-
ticle has a radius of 228 nm and is covered by a 38-nm thick serléafter Ref. [151]).
The embedding medium is taken equal to that of the core rahtaiith a dielectric con-
stant of? = 2.10 (silica). The optical response of gold is modelleshg$he Drude model:

1 2

2(1) = 2nigh i ﬁ

(9.1)
with 2pign = 9.54,! , =1.3£ 10'° rad § ! and® =1.2% 10" ' !, which provides a rea-
sonably good t to tabulated experimental data [36] for mhoeénergies smaller than 3 eV.
The particle is placed in the center of a rectangular sirmarabox with dimensions
about three times the particle size. For example, the baxedsions for a sphere of
266 nm in radius were 1£31.3£ 1.3t m?® and for an oblate ellipsoid with aspect ratio
of 2.5, the simulation box measured .55 1.0t m®. Due to the large eld gradients
near the curved metal surfaces, the standard grid with egeah size throughout the
domain is not well suited. Therefore, an algorithm was ubkatldllows a ner mesh near
the metal region. The mesh cell density had a linear gradiel®: 1, with the nest mesh
close to the particle. Due to computer constraints, the rurmbmesh cells was limited to
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Figure 9.1: [color] (a) FDTD calculation snapshot [at 0 in Fig. 9.1(b)] of the x-component of
the electric eld of a plane-wave propagating in the y-direction, at a feegy of 150 THz, and
interacting with a spherical Au-shell {Re = 228 nm, i, = 38 nm) in silica. The plane-wave is
polarized horizontally in the plane (double arrow) and its amplitude is normatz&d//m. The
color scale ranges from -2 to +2. The difference between two cotigecontour lines is 0.4. The
two concentric circles indicate the inner and outer boundary of the golld gheThe excitation
and relaxation trace of the x-component of the electric eld in a monitor poithéncenter of
the particle. The plane-wave is turned offtat 0. (c) Fast Fourier transform of the decay of the
x-component of the electric eld, showing a resonance peak at adraxyuof 335 THz.

3 million grid cells. This means that for the large particlesler consideration, the cells
in the immediate vicinity of the particle had a width of ab&dutm and those on the outer
boundary of the simulation volume had widths of about 35 nrhe $imulation results
were found to be robust against small changes to mesh ceditgelm all simulations, the
incident light was linearly polarized along one of the matesof the particle.

A two-step process was used to determine the particle-plagesonant mode and
its frequency. First, the simulation volume is illuminatey a switched-on propagating
plane-wave with an off-resonance frequency that allowstrécle to get polarized and
store energy. Second, the incident eld is switched off amel ¢lectric eld amplitude
is monitored in the time domain as the particle modes exdigedhe incident plane-
decay (ring down). This signal is transformed into the fiegry domain by a fast Fourier
transform (FFT) to provide information on the particle nesoces. Once the resonance
frequencies are determined in this way, on-resonanceagixeitis used to excite individ-
ual modes to examine the corresponding spatial distribugfathe eld intensity. Such
distributions can be used to discriminate between spefealires which correspond to
physical resonances and unphysical artifacts of the stioualar of the frequency domain
transform. For example, small “hot spots” can occur in thensity maps as a result of
faceted corners in the rendering of the curved surfaces.
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Figure 9.2: T-matrix calculation of extinction (solid), scattering (dashed), and altisorfdotted
line) cross section ef ciency spectra of a Au-shell sphere in a silica m@eye = 228 nm, i, =
38 nm). The resonance peak at 885 nm is indicated by an arrow.

9.3 Au-shell sphere

Figure 9.1 illustrates the different steps in the FDTD chttan. A snapshot in time of
the electric eld is shown in Fig. 9.1(a) for an incident ptawave at an off-resonance
frequency of 150 THz (free space wavelengtt?2.0 1 m), interacting with a Au-shell
particle with a core radius of 228 nm and a Au-shell thickn@s88 nm. The image
shows the plane that contains both the propagation direofithe plane-wave (indicated
by the vertical arrow) and the polarization (indicated bg tiorizontal arrow). Close
to the metal shell, the amplitude of the electric eld is enbad by about a factor of 3
(not seen in the Fig. 9.1(a), due to saturation of the colatec Figure 9.1(b) shows
the time evolution of the electric eld amplitude in a monitpoint at the center of the
particle. The incident plane-wave is switched off at time 0, whereupon the particle's
relaxation is observed. The FFT of the decay trace is showaigin9.1(c), and reveals a
main resonance peak at 335 THz% 895 nm).

Since the absorption and ringdown are resonant phenomen&eguency at which
the peak FFT response occurs is directly comparable to gugiéncy of maximum ab-
sorption in an optical spectrum. Figure 9.2 shows the etitinspectrum of the Au-shell
particle as calculated by the T-matrix method (solid liné)e contributions of absorption
(dotted line) and scattering (dashed line) are shown as Wélé spectra show that the
extinction for this particle is mainly due to scatteringblitated optical constants for Au
by Johnson and Christy were used for the calculation of thpsets. [36] Therefore,
the contribution of the interband transitions at wavelesgimaller than 600 nm is also
observed in the absorption spectrum. These are absent FOXME calculation as this
employs a Drude model for the dielectric constants. Therglien spectrum in Fig. 9.2
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Figure 9.3: [color] FDTD time snapshot of the x-component (left) and intensity (rigfithe
electric eld in the yx-plane (a, d), yz-plane (b, €), and zx-plane XcOh-resonance plane-wave
excitation at 335 THz of a spherical Au-shell in silica.{R = 228 nm, k, = 38 nm). Color scale
bars range from -1.5to0 1.5 (a-c) and from 0 to 10 (d-f); the diffeedratween consecutive contour
lines amounts to a factor 0.5 (a-c) and 1 (d-f). The plane-wave prtgmgathe y-direction, and
is polarized along x.

also shows a distinct peak at 885 nm (indicated by the arrimwgpod correspondence
with the resonance frequency at 335 THz observed in the mgndf the FDTD calcu-
lation. FDTD calculations using this two-step method theedl to the identi cation of
resonances of the particle for which energy is stored inyistes in absorption.

The eld distributions of this resonance mode are invesédawith on-resonance
plane-wave excitation at 335 THz. A time snapshot is show#ign9.3 for a time at which
the electric eld inside and close to the particle is at a maxm. The x-component of the
electric eld (direction of polarization) is shown in the mur plots in Figs. 9.3(a-c) on
a scale of -1.5 to +1.5. Figures 9.3(d-f) show the electrid iatensity normalized to the
incident eld on alinear scale of 0 to 10. Three differentss@ectional planes are shown:
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Figure 9.4: T-matrix calculations of optical absorption spectra for spherical Allshresilica (n

= 1.45). (a) for different refractive indices of the core (solid line:0l &ash-dot-dotted line 1.1),
(b) as a function of total radius at xed particle radius of 228 nm (solid:lid&0 nm, dash-dot-
dotted line: 280 nm), and (c) as a function of core radius at a xed tothlisaof 266 nm (solid

line: 220 nm, dotted line: 235 nm).

the yx-plane containing the direction of propagation anldzation (a, d), the yz-plane
perpendicular to the polarization direction (b, e) and tkelane, i.e., perpendicular to
the propagation direction (c, f).

The images in Fig. 9.3 clearly reveal how the incoming plesase interacts with
the Au-shell. The phase fronts of the plane-wave can be wbdet the boundaries of
the simulation volume in the yx and yz-planes. Clearly, thextic eld is enhanced
close to the outer surface of the Au-shell particle. An eglkdneld intensity is also
observed in the dielectric core of the particle. Time seakethe snapshots of the yx-
plane [Fig. 9.3(a)] indicate that the electric eld is bouaitthe outer surface of the metal
shell and propagates over the surface, and that the eleeltiover the full dielectric
core of the particle oscillates out of phase relative to telkel outside the shell [see e.g.,
Fig. 9.3(c)], as the plane-wave propagates in time. Fronetmporal decay of the electric
eld intensity inside the dielectric core, the quality fact(i.e., the number of oscillation
cycles before energy is dissipated) for this cavity modeusd to be 35.

9.4 Cavity mode resonance

For a better understanding of the cavity mode mentioned atic@e9.3, T-matrix calcu-
lations were exploited to study the dependence of the resentrequency on dielectric
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constants of core and surrounding medium, and the size afdfeeand the shell. The
results are shown in Fig. 9.4. Figure 9.4(a) shows the largence of the dielectric con-
stant of the core on the resonance peak: an increase of thetre index by 0.1 results
in a large red-shift of the resonance peak»yp5 nm. Changing the core from aim £
1.0) to silica 6 = 1.5) thus results in a shift of the resonance wavelength v8 nm.
Moreover, for the Au-shell with a dielectric core with reftae index of 1.5, a second
peak in absorption is observed, at 685 nm. The effect of thkediric constants of the
surrounding medium on the resonance frequency, howevieyiigl to be negligible (not
shown). Only an increase in absorption peak intensity i€odesl for smaller dielectric
constants (a factor of 2 for a silica-core/Au-shell paetiplaced in air compared to in
silica). This demonstrates that the resonance propeftibgsanode are essentially set by
the continuity conditions of Maxwell's equations at thee/shell boundary and not at the
boundary between the shell and the surrounding medium.

As was demonstrated in Chapter 8, peaks in optical spectralzam a complex de-
pendency on the dimensions of the core and the total radikés Was attributed to a
competition between the effects of retardation (red-ghiftarger size) and by the inter-
action strength between plasmon modes on the inner and botgdaries of the shell
(blue-shift for decreasing shell thickness). Thereforés interesting to investigate the
response of the resonance peak of the cavity mode to smadtieass in shell thickness
at xed core radius [Fig. 9.4(b)] and at xed total radius §i9.4(c)]. In both cases, the
shell thickness is in the range of 30 to 50 nm. For a partické &i xed core radius of
228 nm, the peak slightly shifts towards the blue for an iasesin shell tickness. Indeed,
for shell thicknesses studied here (about twice the skithdafdight in Au), the coupling
between the plasmon modes at the inner and outer boundang &fu-shell is expected
to be relatively small. Figure 9.4(b) also shows a peak mang upon an increase in
shell thickness. The red-shift observed in Fig. 9.4(c) fmréasing core radius (at xed
total radius) also indicates that the core radius is of madpartance to the resonance
wavelength. The mode volume of this geometric resonancaldlbe related to the wave-
length of the light in the medium. In this case, this is on tiheeo of 600 nm, slightly
larger than the actual diameter of the dielectric core460 nm) and what is suggested
by the intensity contour plots in Fig. 9.3. The shell in thengiations is not taken as a
perfect conductor, and light can penetrate into the metal.

9.5 Oblate ellipsoidal Au-shells

The FDTD scheme outlined in Section 9.2 was also applied lat®llipsoidal shells.
The shell particle consists of two concentric oblate etligs (representing the core and
the shell), both with the same size aspect ratio. The shekribss therefore changes over
the particle. The volume per component was taken to be egtlat of a Au-shell sphere
with core radius of 228 nm and a shell thickness of 38 nm. [Fglire 9.5(a) shows
the normalized FFT spectra for particles with size aspdmisaf 1.0, 1.5, and 2.5. The
spectrum of the spherical shell shows only one resonanc8zahs (335 THz, closed
triangles, see Fig. 9.3), whereas the cavity resonancédaautisotropic particles is split.
For a polarization along the long axis of the oblate elligabiAu-shell, a blue-shift is
observed: the resonance shifts to 830 and 730 nm for aspiecofd .5 (squares) and 2.5
(circles), respectively. The resonances are red-shifietight polarized along the short
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Figure 9.5: Resonances in oblate ellipsoidal Au-shells in silica with volume equivalenspifiare
with core radius 228 nm and a shell thickness of 38 nm. (a) Normalized &tlts from FDTD
calculations for aspect ratios of 1.0, 1.5 and 2.5 for polarizations patallitle long axis (L)
and to the short axis (T) of the particle. (b) Orientation averaged afisorfor aspect ratios of
1.0 (solid line), 1.2 (dashed line), 1.4 (dash-dotted line) and 1.6 (dotteddaiellated by the
T-matrix method. (c) Shift of the peak positions versus aspect ratio $oifteefrom FDTD (open)
and T-matrix calculations (closed symbols).

axis. This transverse resonance for the oblate ellipsaidell with aspect ratio of 1.5
(stars) and 2.5 (open triangles) is observed at 1000 nm &s@ @A, respectively.

The blue- and red-shift observed for polarization alongltrg and short axes of
the oblate shell, respectively, are opposite to the trendsvk for dipolar and multipolar
modes in oblate metal core and metal-shell particles (@edChapter 8). In the previous
section it was shown that, for the Au-shell under considenathe cavity resonance is
related to the size of the dielectric core only. The Au-skah thus be modelled as a
dielectric void in a metal surrounding.

For simplicity, let us assume that the dielectric is &ir(1), and that the dielectric
constants of the metal are described by a simple Drude moitlebwt damping, i.e.,
2
2 =1 :—2 with ! , the bulk plasmon resonance. Then, the resonance conditian o
ellipsoidal particle with dielectric constaft in a medium with dielectric constaf in
thequasistatidimit, is given by: [34]

2+ Li(%1i 22)=0 (9.2)
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and can be rewritten as

lg= pp L particle (9.3a)

lo=1! pp 1i L void (9.3b)
for a metal particle in air and an air void in metal, respeadtivL; is a depolarization
factor that depends on the aspect ratio and the orientafitimeqparticle, that equal§
for a sphere (see also Chapter 1). The depolarization faelated to the long axis of
the ellipsoidal particle/void is smaller th@ and the longitudinal resonance frequency
for a void will thus shift to the blue when compared to the spda case. Similarly, the
transverse resonance of the void cavity mode is red-shffteds larger than%). Both
trends are observed in Fig. 9.5(a). In addition to the tregrdslicted in the quasistatic
model, effects of size must also play a role. However, theutations of Fig. 9.5(a) for
anisotropic oblate ellipsoids at xed volume shows that tegonance shifts are mainly
determined by the anisotropy.

The optical absorption and scattering spectra of oblaipselidal metal shells were
also calculated using the T-matrix method. Figure 9.5(boynshthe absorption ef ciency
averaged over the orientation of the particle, for parsielgth aspect ratios ranging from
1.0 to 1.6. The resonance peak splits for spheroidal pastielith a larger shift for the
peak shifting to the red than for the one shifting to the basewas also observed in the
FDTD results in Fig. 9.5(a). Fig. 9.5(b) also shows that ttaltstrength of the absorption
feature is similar in magnitude for ellipsoidal particlesfar spheres. The positions of
the peaks obtained by the two methods are shown in Fig. 985(@)function of aspect
ratio. The results of both methods are in good agreementlzowl that a large degree of
wavelength tunability is achievable upon a change in agp#ictat constant volume.

9.6 Conclusions and outlook

Au-shells with dimensions comparable to the wavelengthghttlexhibit cavity-related
resonances that depend on the size, shape, and dielectstanb of the dielectric core
inside the Au-shell. Upon plane-wave illumination, thectlie eld for this mode is
enhanced over almost the entire volume of the core, with &amsed intensity found
in the center of the particle. The electric eld enhancersatiithe outside edges are not
studied in detail yet. The frequency of the resonance caarsltover a large wavelength
range by a proper choice of aspect ratio and polarizatioe.fatrication of these particles
Is experimentally feasible by use of ion beam techniquesCsapter 7). Characterization
of the Au-shell particles by extinction (Chapter 8), andisri@ dissolve the silica cores
with HF, [99] show that most of the silica cores can still besdilved even if the particles
are optically behaving as closed shells. This makes thderdithese deformed particles
available for detection of signals that are enhanced byate | eld.
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Applications

This Chapter sketches possible applications of the metadtsites and fabrication tech-
niques described in this thesis in photonics, sensing artlome. These applications

make use of the ability to tune the plasmon resonance freguard the local elds in the
vicinity of anisotropically-shaped metal particles.
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10.1 Nanophotonics and information technology

Since the development of the light microscope in th& téntury, optical device size and
performance have been limited by diffraction. Optoelautalevices of today are much
bigger than the smallest electronic devices for this reagachieving control of light-
material interactions for photonic device applicationthatnanoscale requires structures
that guide electromagnetic energy with subwavelengthesoade con nement. By con-
verting the optical mode into non-radiating surface plassyelectromagnetic energy can
be concentrated and guided in structures with lateral démas of less than 10% of the
free-space wavelength. For example, in the metal nancfadirays, such as studied
in Chapter 5 and 6, light can be guided along the array with erdattcon nement as
small as 15 nm. Due to the strong coupling of the optical madés electronic states
in the metal, it has also been suggested that plasmonicarteects could solve some
of the bandwidth bottlenecks encountered in electronmudidesign. Ultimately, it may
be possible to design an entire class of subwavelengtle-sgaibelectronic components
(waveguides, sources, detectors, modulators) that coutdthe building blocks of an op-
tical device technology a technology scalable to molecular dimensions, with paént
imaging, spectroscopy, and interconnection applicatioc®mputing, communications,
and chemical/biological detection.

The optical cavities in Chapter 9 may serve as miniature lgghirces or lasers, if
doped with a suitable light emitter or gain medium. The bhezadl scattering of these
metal shell shell particles may also be used in photovottelis to increase the effective
interaction volume. The particle shape can be adjusted tohhe relevant part of the
solar energy spectrum. Anisotropic metal nanostructurag also nd applications in
optical storage, where a single bit can be stored in eaclclgaprovided that its shape
can be individually controlled. Indeed, it is known thatdagradiation can change the
shape of prolate ellipsoidal particles into spherical wheht at the plasmon resonance
is used. [170] Arrays of aligned Au rods in a dielectric matsuch as those in Chapter 4
fabricated by MeV ion irradiation, may then be suitable cdates.

10.2 Biomedical applications

Applications of metal nanostructures to biological systemd medicine become possible
if the plasmon frequency is tuned to the near-infrared,esbiood and tissue are relatively

= On-chip light source

=~

Nanoscale waveguides,
devices or analytes

Figure 10.1: Schematic illustration of a plasmonic interconnect network that enables bigth ch
scale propagation and subwavelength-scale operation. Signals agoiraial to and from active
sources and detectors and ef ciently couple into and out of nanomedéz-devices or analytes.
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Figure 10.2: Absorption coef cient of water and (de)oxygenated hemoglobin (HkH)sorption
of light is relatively low in the near-infrared window (wavelengths betwe@d and 900 nm).

transparent due to low absorption by water and hemoglobgq (©.2). The penetration
depth of light in tissue at these wavelengths is more thami.0As shown in this thesis,
tunability of the plasmon resonance can be achieved usiageashell structure composed
of a dielectric core and a metal shell, with the size aniggtfroviding additional control.
Moreover, gold is stable and has a high compatibility to dijadal systems. Scattering
of light by gold core and shell particles can be used to erddne contrast in optical
imaging techniques. By linking speci c antibodies to the adeturface, tumor cells can
be targeted and imaged before pathologic changes occug ahdtomic level. [29]

Metal shell colloids can also absorb light and locally gatetheating. Irreversible
photothermal ablation of tumor cells was recently demanstt, providing an effective
destruction of tumor cells with minimal damage to near-bglthg tissue. [171] The local
photoinduced heating was also exploited for drug delivévietal shell particles were
embedded in a temperature-sensitive polymer. Upon lasstiation, the temperature
rise caused a collapse of the polymer matrix and the molsangbedded in the voids
of the polymer matrix were released. [172] The tunabilitytteé plasmon resonance as
described in this thesis can thus be used to engineer plasistomctures for biomedical
imaging, diagnosis, and treatment at the desired waveiengt

10.3 Sensing

The locally enhanced eld at the surface of metal particlas be used to enhance Raman
scattering or luminescence from molecules. The detecfi®@aman signals from a single
molecule has already been demonstrated in inter-partagds gf aggregated small silver
colloids where the eld intensity is maximum. [173] Howeydesigning smart substrates
where the eld intensity can be optimized at a given frequeiscstill a technological
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Figure 10.3: Nanosphere lithography with modi ed colloidal masks (Chapters 2 and &)oidal
masks irradiated with MeV ions reduces the size of the holes in the mask whilstaAea is kept
constant. Arrays of metal particles can be obtained by evaporation of atedéferent angles
with the sample normal. The maximum enhancement of the electric eld is founed &pthof the
triangle (see Ref. [33]).

challenge. Both metal shell particles (also because of sheface roughness) and metal
particle arrays (Chapters 5 and 9) are suitable candidates.

Core-shell colloids with cavity modes in the dielectric gae described in Chapter 9,
may lead to special applications in uorescence enhanced@nto the high eld inten-
sities located at the center of the dielectric core, far afk@y the metal surface, so that
uorescence quenching by coupling to the metal is minima69] The inside of these
particles becomes available for sensing by removing tieasire by HF etching, which
Is possible due to small pores in the metal shell. [99]

Another sensing scheme for detecting low concentratiomaaécules or biological
species exploits the dependence of the surface plasmonams® frequency on the di-
electric constant of the surrounding medium. As was showrain 1 of this thesis, large
areas covered with hexagonal patterns of metal particlés aviriangular shape can be
made by using colloidal nanosphere lithography. This islatively simple and inex-
pensive method compared to conventional lithography. &@mestal nanoparticle arrays
thus have excellent properties to be used in optical serdibgpmolecules, as the reso-
nance wavelength will change in response to the attachnfenblecules. Recent work
by Haeset al,, for example, demonstrated the use of these structure® idiignosis of
Alzheimer's disease. [174]

Several techniques have been developed to decrease thef shee metal particles
in nanosphere lithography at a constant inter-particleadie. In Chapter 2 and 3, for
example, we showed that this can be achieved by use of iatiatran and wet-chemical
growth of silica on the colloidal mask. Imaging techniqu&s dark eld scattering can
then be used to detect changes in the dielectric environorestngle particles. It was
suggested that the sensitivity of single small metal plagicould approach the single-
molecule detection limit for large biomolecules. Implenation of nanoparticles with
different size and shape will enable fast, simultaneoudatvel-free detection of different
chemical and biological species. [20]



Appendix: Light scattering

General

Light scattering by particles is often best described uspiwerical coordinates. The par-
ticle center is located at the origin (0,0,0), and in casetatronally symmetric particles,
the symmetry axis is chosen to coincide with #axis. The angles in the spherical coor-
dinate system are given lpyandA, in whichp 2 [0; %} is the polar angle measured from
the positivez-axis andA 2 [0; 2¥4 the azimuthal angle measured from thaxis in the
xy-plane (see Fig. 10.4).

The transverse electromagnetic plane-wave incident ahumgirection oft = I£ A
on a scatterer can then be described by two comportenendE, in the ﬁ andA di-
rections, respectively. The scattered wave is an outgghgrscal wave. The scattering
matrix S linearly transforms the components of the incoming elecgid into the com-
ponents of the scattered wave: [154]

A !
e s s e MEp!

& oo T oo (10.1)

The four elements of the scattering matrix, the amplitugefionsS,, S,, Sz andS,,
are all complex functions that depend on the directions oflence and scattering and
on the particle size and morphology. For spherical pagijdlee off-diagonal elemeng
andS, are zero, and the extinction cross section ef ciency is give

Qext = 1/:1—|_-\2 Im[S; + S;] (10.2)

Figure 10.4: Spherical coordinate system.
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Mie theory

The solution of Maxwell's equations to the problem of saatig and absorption of light
by a sphere illuminated by a plane-wave was given by GustaiMihe beginning of
the 20th century. [1] It is based on the method of separatioravables and described
in many text books, see e.g., Refs. [34, 175, 176]. The difteakequations can be
solved separately for the parametersy, andA. The electric elds of the incoming
and scattered waves are then expressed in a series of gplmratimonic functions. The
geometry excludes some of the spherical harmonics in thersess since amplitude of
the elds must be nite at the origin, and the (outgoing) seatd wave must vanish at
large distances from the particle. By applying the boundanddions that the tangential
components of the elds must be continuous at the surfackeparticle, the coef cients
of the scattered and the internal elds can be solved as dibumof the known coef cients
of the incoming elds.

The exact analytical results via the method of separatiomaafbles can only be
applied to a limited number of particle geometries. [154] iBes the solution for an
isotropic sphere, solutions of concentric core/shell sphig44] concentric multilayered
spheres, in nite cylinders, homogeneous and core/shiatspds, [177, 178] and a sphere
on a surface [179] have been presented in literature.

T-matrix formalism

The T-matrix or transition matrix method was rst introducky Waterman for homoge-
neous particles in the late 1950s and later improved by akpepple. Nowadays, it is a
widely used technique to calculate the optical propertiasomspherical particles. Like
in the frame-work of Mie-theory, the incoming and scatteedds are expanded in vector
spherical harmonics. The T-matrix is the matrix that reddbe expansion coef cients of
the scattered elg,, andg,, to the coef cients of the incoming eld,, andl,:
|

Llpﬂ A T T2 Haﬂ
q = T2 122 b (10.3)

From the T-matrix, the elements of the scattering me@r&nd other quantities can be
calculated. A fundamental and convenient feature of thealrmis that it only depends
on the size, composition and shape of the scatterer.

In a typical T-matrix calculation, the eld inside the saattr is also expanded in
vector spherical harmonics, with coef cientg, andd,,,. These coef cients are related
to the coef cientsa,,, andh,, of the incident eld by the matriXxQ. The elements of the
matrix Q are 2-dimensional integrals over the surface of the part|@B0] The T-matrix
method is therefore also referred to as the extended boymdadition method. The
T-matrix is calculated from the matri@ by

T=iQQl" (10.4)

in which the matrixQ is equal toQ,, except that in the evaluation of the matrix elements
the Bessel functions of the rst kind have to be replaced bykéafunctions.

The formulas for T-matrix calculations become much simfberaxially symmetric
particles with the rotational axis along the z-axis, beedhe surface integrals then reduce
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to single integrals over the polar angl@and the T matrix becomes diagonal with respect
to the indicesn andm’.

The T-matrix of a coated particle can be written in terms @& Thmatrix T, of a
homogeneous particle with a radius equal to that of the codeaarefractive index of
m;=m,, and the matrice8, andB, that form the T-matrix of a homogeneous patrticle of
the same (total) size and refractive indax by j B, ¢A‘21: [155]

T=i[Bo+BCT]¢[A,+ ACT,]? (10.5)

The matrice® andA are equal to the matric& andA,, except that in the evaluation
of the matrix elements the Bessel functions of the rst kingldnto be replaced by Hankel
functions.

T-matrix program

The calculations in Chapter 8 and 9 were done using a Fortdmwatten by Moroz, [41]
based on the T-matrix codes by Mishchenko and Quirantes.cdties are available on
the World Wide Web and described in several papers in thatitee. [153, 155, 156, 180,
180, 181] The outcomes for spherical particles were bendkedao results from Mie-
theory calculations. Results for anisotropic particlesexampared to analytical results
for oblate spheroids from Asano [34, 178] (using the methioskeparation of variables)
and results published by Kelbt al.. [33]

Convergence

For computations, the expansion of the electromagnetuts & cut-off after a nite num-
berNmax . The convergence of the extinction and scattering crodsossds checked by
a subroutine. [156] When convergence is not obtained withteréain accuracyiN max
is increased. An increase M. results in larger computer usage (it also determines
the size of the submatricdd ), and can result in computational instability. For a coated
particle, the convergence of the T-matrices in equatioh féijuire differenNax to con-
verge. In the calculations, the largest of the valudlgfy required to obtain convergence
is used. The routine also checks for the convergence of tHacsuintegrals, which is
determined by the number of Gaussian integration pointditdrature, a rule of thumb
for coated particles is that this number should be abduit,4 . [155] In our calculations,
the number of Gaussian integration points was setNig.&; .

For larger particles and/or larger anisotropy, it is welbkm that computation of the
T-matrix can be an ill-conditioned process. Due to the largmbers in theQ-matrix,

Table 10.1: Convergence parametdi.x as a function of size anisotropy for an oblate ellipsoidal
silica-core/Au-shell particle in silica with sphere-equivalent-dimensiorRgfe = 156 nm and
Riotar =181 nm (system A) anBcore = 228 Nm anRiqg = 266 Nm (system B).

System| Aspectratio| 1.0/ 1.1|1.2|{13|14|15/16|1.7
1 N max 8 |10 12| 14| 16| 18| 20 | 20
2 N max 12 | 14 | 14| 18| 20 | 26 | 28 | -
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the matrix inversion involved in the computation of the Ttma(see Equations 10.3
and 10.5) can become numerically unstable. Therefore ceslyefor a-spherical parti-
cles, special attention has to be paid to the convergendeafalculation.

For spherical Au-shell particles of about the size in theeexpents reported here,
convergence is obtained at typical values pf1B for N,hax in the wavelength ranging
from 1900 nm to 300 nm. Table 10.1 shows the increase in theecgance parameter
Nmax for the calculations for oblate ellipsoidal Au-shells as tharticle anisotropy is
increased for the systems studied in Chapters 8 (system A9 &ystem B).
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Summary

Coherent oscillations of free electrons in a metal, locdlizea small volume or at an
interface between a metal and a dielectric medium, havactdtl a lot of attention in the
past decades. These so-called surface plasmons havel ggeical properties that can
be used in many applications ranging from optoelectromcsensing of small quantities
of molecules. One of the key issues is that electromagnatecgy can be con ned to
a relatively small volume close to the metal surface. Thikl enhancement and the
resonance frequency strongly depend on the shape and sieeroktal structures. In this
thesis, several fabrication methods to create these ntetiaksres on the nanometer to
micrometer scale are presented. The optical propertiegadesd with a special emphasis
on the effect of shape anisotropy.

In Chapters 2 and 3, we use self-assembled 2D colloidal dsyssamask to fabricate
arrays of metal triangles on a substrate. One of the linatof this nanosphere lithogra-
phy technique is that the size of the holes in the colloidakr(#hrough which the metal
is evaporated) is determined by the size of the colloids enntfask. We have alleviated
this restriction by use of MeV ion irradiation and wet-chealigrowth of silica on top of
the colloidal mask.

In Chapter 2, we show that irradiation with highly energetics causes an in-plane
expansion of the silica spheres in the mask, thereby redubia size of the holes in
the mask. The size of the holes is controlled very accurdiglthe ion beam uence.
This Chapter also shows that colloidal masks with arbitrgmpreetry and spacing can
be obtained by use of optical tweezers. Evaporation atrdifteangles with respect to
the substrate surface gives additional control over sirecind inter-particle spacing. It
also allows particles of different metals to be deposited teeach other. Large arrays
of metal particles with dimensions in thej180 nm range are demonstrated.

Chapter 3 presents an alternative method to modify collotdegks for nanolithogra-
phy. Using a wet-chemical method, a thin layer of silica isvgn onto the substrate and
the colloidal mask. A dispersion of small seed colloids idextito the reaction mixture
to provide a large surface area. It is shown that the thickméghe silica coating on
the mask is less than the increase of the size of the seeddsollbhis indicates that the
growth mechanism on the mask is more diffusion-limited theaction-limited. The size
of the holes can be controlled accurately by using a caldmaturve. Metal particles with
sizes down to tens of nanometers were fabricated with thikode

Chapter 4 concentrates on the effects of MeV ion beam iriadiain small particles
of silver and gold embedded in a silica matrix. Amorphousanals like silica are known
to show anisotropic plastic deformation at constant voluvhen subject to MeV ion ir-
radiation, in contrast to pure metals. We demonstrate thldt@pres embedded in a silica
matrix show an elongation along the direction of the ion beahereas silver cores rather
disintegrate. The description of these metallo-dieledyistems within the framework of
a visco-elastic continuum model must thus include ion-gatlparticle disintegration as



114 SUMMARY

well as effects of temperature-dependent solubility.

Chapter 5 shows that in a slightly different system, witheilparticles in an ion-
exchanged soda-lime glass, ion irradiation causes annaéighof the silver nanocrystals
in arrays along the ion beam direction. The optical extorcspectrum is shown to be
polarization-dependent, with red- and blue-shifts of tlesmon resonance peaks for po-
larizations longitudinal and transverse to the arraygeesvely. We demonstrate that
the band splitting can be tuned by the ion uence. The splitis attributed to near- eld
electromagnetic plasmon coupling within the arrays.

This near- eld coupling is studied in more detail in Chaptdrygmeans of full- eld -
nite difference time domain simulations. Idealized lin@agays with closely spaced silver
particles with a diameter of 10 nm are considered for difiemeter-particle spacing and
array length. The results indicate that the combinatioreofigle center-to-center spacing
and diameter, rather than inter-particle spacing alonthaskey parameter determining
the coupling strength. Based on these results, the expemityeobserved red-shift pre-
sented in Chapter 5 is attributed to collective plasmon aogph touching and/or in long
arrays of strongly coupled particles. The simulations alslicate that the resonant elec-
tric eld is concentrated in the very small gaps between tadiples in the array, with a
5000 fold eld intensity enhancement observed for a 1-nntsgabetween the particles.

The last Chapters of this thesis focus on spherical and oblipsoidal metal shell
particles with dimensions comparable to the wavelengtigbt.| The fabrication of these
colloids is described in Chapter 7, and the optical propedre considered in Chapters 8
and 9.

The synthesis of metal shell colloids is done by electrgbéssng of silver or gold on
spherical silica colloids. We show that the shape of the sl colloids can be changed
into oblate ellipsoidal by MeV ion beam irradiation, witretanisotropy determined by the
ion uence. We demonstrate that this is due to the ion-indusr@sotropic deformation of
the silica core. The metal shell imposes a mechanical cinstin the deformation of the
silica core, resulting in a reduced net deformation rateh\ttiis technique, it is possible
to fabricate large substrates with relatively monodispetdate ellipsoidal particles, with
the short axis aligned in the direction of the ion beam. Thexes angle-dependent opti-
cal extinction measurements on large numbers of aligneet|eas, providing information
on the shape- and orientation-dependent optical propesfithe particles.

The optical properties of these metal-shell colloids anelisd in Chapter 8, both by
experiments and theoretical calculations. The extinctipectra show several peaks that
can be attributed to the contributions of dipole, quadra@oid higher order modes. We
demonstrate that, for spherical particles, the frequeranel the relative strengths of these
peaks are a complex function of the core radius and the shielrtess. This is due to a
competition between phase retardation effects (causiregahift for larger particles)
and the coupling between the surface plasmons at the indemaar surfaces of the shell
(resulting in a red-shift for thinner shells). Optical ediion measurements are done as a
function of the incident angle for oblate ellipsoidal methell particles with size aspect
ratios up to 1.8. The extinction peak in the infrared parthef $pectrum is strongest for
light incident along the short axis of the particles andtshibwards the red as the aspect
ratio is increased. We observe a good agreement betweenatalos for single particles
and ensemble-averaged experimental data.

Finite-difference time domain simulations and calculagidoy the T-matrix method,
presented in Chapter 9, indicate that large Au-shell pagichn sustain cavity modes, for
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which the electric eld is enhanced in almost the full volummiethe dielectric core. We
show that the resonance frequency is sensitive to the $iapesand dielectric constant of
the core. The resonance frequency is found to shift towdrelsed for transverse polar-
ization and blue for longitudinal polarization. This coms the concept of a cavity mode,
as this behavior is also theoretically predicted for ethigal voids in a metal surrounding,
in the quasistatic approximation.

Finally, the last Chapter reports on several applicatiorti@mMmetal structures studied
in this thesis. In opto-electronics, the size of opticalides has always been limited by
diffraction. By converting the optical mode into non-radigtsurface plasmons, electro-
magnetic energy can be concentrated and guided in metatwstes, with lateral mode
dimensions of less than 10% of the free-space wavelengtlall Sariations in dielectric
constant in the surrounding medium can be detected by usptichbspectroscopy on
metal particle arrays. The enhanced local elds and thelityaof the plasmon reso-
nance give rise to enhanced signals in uorescence andcaugahanced Raman spec-
troscopy, and also enable biomedical applications suchegsdelivery and cancer diag-
nosis and therapy, all of which can be optimized using th@ealtantrol explored in this
thesis.



Samenvatting

Veel wetenschappers in het heden en verleden hebben zichitespireren door de spe-
ciale optische eigenschappen van kleine metaalstructizembekend voorbeeld hiervan
zijn de rode en gele kleuren in glas-in-lood ramen, veragkizdoor kleine goud en zilver
deeltjes die zeer ef cient licht van een bepaalde kleur dixs@n. De vrije electronen
in het metaal kunnen door het licht in een oscillerende bewegorden gebracht. Het
kleine metaal volume beperkt de beweging van de electromeorgt ervoor dat ladingen
zich ophopen aan het grensvlak van het metaal en B&alricum (bijvoorbeeld glas of
lucht). Deze zogeheten oppervlakteplasmonen vinden ssemgen in diverse gebieden
van wetenschap en techniek. Te denken valt aan de detectikleiae hoeveelheden
moleculen en aan componenten in de opto-electronica.

Een van de belangrijke eigenschappen van oppervlakteptemmis dat de electro-
magnetische energie kan worden geconcentreerd in eeiefé&latn volume dicht bij het
metaal oppervlak. Deze veldversterking, net als de frefipi@an de resonantie, hangt
sterk af van de vorm en de grootte van de metaalstructuren.prbefschrift behan-
delt diverse fabricage methodes om metaalstructuren temaf een schaal van enkele
nanometers tot een micrometer. Daarnaast worden de optesganschappen van zulke
metaalstructuren bestudeerd met de nadruk op de effecgeablg van een verandering
in vorm.

Het eerste gedeelte van het proefschrift, Hoofdstuk 2 eseBzien dat tweedimensio-
nale collodale kristallen van silica (glas) bollen gebruikt kunneorden als masker voor
nanolithogra e. Na het opdampen van een metaal en het \d@evap van het masker,
blijft een hexagonaal patroon van metaal driehoekjes opopperviak over. En van
de beperkingen van deze methode is dat de grootte van degaatjet masker bepaald
wordt door de grootte van de silica bollen. In dit proefsithvordt aangetoond dat dit ver-
holpen kan worden door de maskers te deformeren door middeiéeV ionenbestraling
en/of door nat-chemische aangroei van silica op het masker.

In Hoofdstuk 2 laten we zien dat bestraling met hoog-enegjet ionen tot gevolg
heeft dat de silica collden uitzetten in de richting loodrecht op de ionenbundetiat
de gaatjes in het masker kleiner worden. De grootte van dgegdean nauwkeurig wor-
den ingesteld door de ionendosis te gaen. Daarnaast kunnen maskers met elke andere
gewenste ordening gemaakt worden door de bollen met eesthytincet op het substraat
te positioneren. Ook het opdampen van metalen onder diieedeen geeft extra controle
over de uiteindelijke structuur. Zo kunnen bijvoorbeeldentere deeltjes van verschil-
lende materialen naast elkaar worden opgedampt. De kieinstaaldeeltjes hebben een
grootte van 15 30 nm.

Een andere methode om de gaatjesgrootte te controleren beschreven in Hoofd-
stuk 3. Een dunne laag silica kan via een nat-chemisch preceten aangegroeid op het
collo'dale masker en op het substraat opperviak. Een geconeetdradispersie van kleine
collo'den wordt toegevoegd om een groot oppervlakte te versamaiffet experiment laat
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zien dat de aangroei op de kleine zaadcdim groter is dan de aangroei op het masker.
Hieruit concluderen we dat het groei mechanisme op het masker diffusie-gelimiteerd
dan reactie-gelimiteerd is. De grootte van de gaatjes imasker kan nauwkeurig wor-
den gecontroleerd door een goed gekarakteriseerde despars zaadcoll@en te ge-
bruiken. Met deze methode zijn metaaldeeltjes gefabriceest afmetingen tot enkele
tientallen nanometers.

Hoofdstuk 4 concentreert zich op het effect van MeV ionetrbésg op kleine me-
taaldeeltjes in glas. Het is bekend dat amorfe materialeal§zylas) een plastische vorm-
verandering ondergaan tijdens de bestraling met hoog etisee ionen, waarbij het vo-
lume constant blijft. Kristallijne materialen zoals goudzdver vervormen niet, behalve
wanneer ze zijn ingebed in bijvoorbeeld silica. We latem ziat ronde goud deeltjes ver-
vormen tot staafjes met de lange as in de richting van de mredel en dat zilver deeltjes
uiteen vallen. Een model dat de vervorming van deze methdliectrische materialen
beschrijft zal daarom ook de effecten van de temperatithardkielijke oplosbaarheid mee
moeten nemen.

In Hoofdstuk 5 wordt een iets ander systeem besproken,dvestauit silica glas gedo-
teerd met zilver ionen waarvan een deel geclusterd is intjdsel De ionenbestraling
veroorzaakt een uitlijning van (ronde) zilver nanokriallangs de richting van de io-
nenbundel. Na de bestraling is het glas van kleur verandgrdangt het transmissie
spectrum af van de richting van de polarisatie en van de haeknval van het licht. De
plasmonresonantie is rood (blauw) verschoven voor de igal& langs (loodrecht op) de
keten van deeltjes. De opsplitsing van de plasmonresakati aangepast worden door
de ionendosis te varen en wordt toegeschreven aan electromagnetische koppah
de deeltjes in de ketens.

Dit koppelingsmechanisme wordt verder onderzocht in Hsiofkl 6, waarbij we ge-
bruik maken van simulaties van het electromagnetische mgtbehulp van de nite-
difference time domain (FDTD) techniek. @ealiseerde kettingen van zilver deeltjes
met een diameter van 10 nm zijn doorgerekend voor versodidleafstanden tussen de
deeltjes en verschillende ketenlengtes. De simulaties laen dat de koppelingssterkte
wordt bepaald door de combinatie van diameter en afstaiséiiusge deeltjes. De experi-
menteel waargenomen roodverschuiving (Hoofdstuk 5) kakia@rd worden door aan te
nemen dat de ketens erg lang zijn en/of dat de deeltjes intdakelkaar raken. Op de
resonantie concentreert het electrische veld zich tussete€dltjes, waarbij de intensiteit
met een factor 5000 versterkt kan zijn als de deeltjes op lamreikaar liggen.

In het laatste gedeelte van het proefschrift worden deettjet een metalen schil on-
derzocht, met afmetingen die vergelijkbaar zijn met de gogte van het licht. De fa-
bricage van de ronde en oblaat-ellijale deeltjes wordt beschreven in Hoofdstuk 7; de
optische eigenschappen worden behandeld in Hoofdstuk 8 en 9

Metaal-schil deeltjes worden gevormd via een synthese aalver of goud io-
nen in oplossing worden gereduceerd op de silica deeltjesr 8 bestraling met hoog
energetische ionen worden de deeltjes op een opperviabagdlr Het blijkt dat de io-
nenbestraling ook metaal-schil deeltjes van vorm doetngaeen, doordat de silica kern
van de deeltjes vervormt. Deze vervorming wordt tegengewdwor de metalen schil,
wat tot gevolg heeft dat metaal-schil deeltjes een lageferaatiesnelheid hebben dan
silica kernen zonder een metalen schil. Deze techniek nmedkhogelijk om grote opper-
vlakken te maken die bedekt zijn met relatief monodispeldaat-ellipstdale deeltjes,
met de korte as uitgelijnd in de richting van de ionenbunéérdoor kunnen hoek- en
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oriéntatie-afhankelijke eigenschappen van de deeltjes genagirden aan grote aantallen
deeltjes tegelijk.

De optische eigenschappen van deze metaal-schil deeljetew nader bestudeerd
in Hoofdstuk 8. De pieken in de extinctiespectra komen eemet de bijdragen van
de dipool, quadrupool en hogere orde modes. Voor rondejelediiten we zien dat
de frequenties en sterktes van deze modes op een complexer mfirangen van de
grootte van de kern en de dikte van de schil. Dit komt door eampetitie tussen
de effecten van de fase-vertraging (met een roodversceiguvdor grotere deeltjes tot
gevolg) en de koppeling tussen de opperviakteplasmonere gpahsvliakken kern/schil
en schil/lomgeving (roodverschuiving voor dunnere schjll®©ptische extinctiemetingen
aan oblaat-ellipsdale metaal-schillen als functie van de hoek en aspect latten zien
dat de piek in het infrarood het sterkst is voor licht dat Ihlengs de korte as van het
deeltje en roodverschuift wanneer de aspect ratio grotedtiwde experimentele data
komen goed overeen met de berekeningen aan enkele deeltjes.

In Hoofdstuk 9 geven FDTD simulaties en T-matrix berekeamgan dat goud schil
deeltjes met een diameter groter dan een halve micromataesenantie hebben waar-
voor het electrische veld versterkt is over bijna het gekelame van de dilectrische
kern. De resonantiefrequentie wordt bepaald door de grostirm en materiaalcon-
stantes van de kern. Voor oblaat-ellijgale deeltjes verschuift de resonantiefrequentie
van deze mode naar het blauw voor polarisatie langs de lamgarahet deeltje. Dit
bevestigt het concept van een mode in de holte, omdat dlizgkdrag theoretisch voor-
speld wordt voor ellipsadlale holtes in een metaal die veel kleiner zijn dan de gajten
van het licht.

Tenslotte worden in Hoofdstuk 10 van dit proefschrift dseestoepassingen van metaal-
structuren behandeld. De grootte van optische componémigpto-electronica is altijd
beperkt geweest door diffractie. Door de optische mode ometen in niet-stralende
oppervlakteplasmonen, kan electromagnetische energangentreerd, getransporteerd
en gemanipuleerd worden op een schaal die kleiner is dan ldengte van het licht.
Kleine variaties in de @lectrische constante van het omliggende medium kunnetemor
waargenomen met behulp van optische spectroscopie. Dalle&esterkte velden en de
controle over de plasmonfrequentie zorgen voor een v&mstevan het te meten signaal
In uorescentie en Raman spectroscopie metingen. Ook bitsukd toepassingen zoals
het lokaal toedienen van medicijnen en een vorm van diagerobehandeling van kanker
worden hiermee mogelijk. Met behulp van de controle overatenwan de deeltjes, zoals
bestudeerd in dit proefschrift, kunnen deze processenemagdoptimaliseerd.
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Color images

20 nm

Figure 6.6: Distribution of the longitudinal component of the electeld ( Ey ) in the vicinity of an array of
twelve Ag particles (10 nm diameter), illustrating two dist modes. (a) an antenna-like mode resembling
that of a single elongated wire is excited resonantly at 8\85b) a coupled particle-like mode resembling
that of a chain of independent particles is excited resdyantl.65 eV. The slight axial asymmetry of the
eld distribution is caused by superposition of the resarmande with the exciting plane-wave.
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yX )

Figure 9.1(a): FDTD calculation time snapshot [at= 0 in Fig. 9.1(b)] of the x-component of the electric
eld of a plane-wave propagating in the y-direction at a freqcy of 150 THz and interacting with a
spherical Au-shell in silica (Rre =228 nm, k, =38 nm). The plane-wave is polarized horizontally in
the plane (double arrow), and its amplitude is normalizedl. tdhe color scale ranges from -2 to +2. The

difference between two consecutive contour lines is 0.4.
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Figure 9.3: FDTD time snapshot of the x-component (left) and intengight) of the electric eld in the
yx-plane (a, d), yz-plane (b, e) and zx-plane (c, f). On-n@see plane-wave excitation at 335 THz of a
Au-shell sphere in silica (Bre = 228, au, = 38 nm). Color scale bars range from -1.5 to 1.5 (a-c) and
from 0 to 10 (d-f); the difference between consecutive contmes amounts to a factor 0.5 (a-c) and 1

(d-f). The plane-wave propagates in the y-direction, aqmblarized along x.
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