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ABSTRACT

The ability to fabricate structures and engineer materials on the nanoscale leads to
the development of new devices and the study of exciting phenomena. Nanostructures
attached to the surface of a substrate, in a manner that renders them immobile, have
numerous potential applications in a diverse number of areas. Substrate-supported
nanostructures can be fabricated using numerous modalities; however the easiest and
most inexpensive technique to create a large area of randomly distributed particles is by
the technique of thermal dewetting. In this process a metastable thin film is deposited at
room temperature and heated, causing the film to lower its surface energy by
agglomerating into droplet-like nanostructures. The main drawbacks of nanostructure
fabrication via this technique are the substantial size distributions realized and the lack of
control over nanostructure placement.

In this doctoral dissertation, a new pathway for imposing order onto the thermal
dewetting process and for manipulating the size, placement, shape and composition of
preformed templates is described. It sees the confinement of substrate-supported thin
films or nanostructure templates by the free surface of a metal film or a second substrate
surface. Confining the templates in this manner and heating them to elevated
temperatures leads to changes in the characteristics of the nanostructures formed. Three
different modalities are demonstrated which alters the preformed structures by: (i)
subtracting atoms from the templates, (ii)) adding atoms to the template or (iii)
simultaneously adding and subtracting atoms. The ability to carry out such processes

depends on the choice of the confining surface and the nanostructured templates used.
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A subtractive process occurs when an electroformed nickel mesh is placed in
conformal contact with a continuous gold film while it dewets, resulting in the formation
of a periodic array of gold microstructures on an oxide substrate surface. When heated
the gold beneath the grid selectively attaches to it due to the surface energy gradient
which drives gold from the low surface energy oxide surface to the higher surface energy
nickel mesh. With this process being confined to areas adjacent to and in contact with the
grid surface the film ruptures at well-defined locations to form isolated islands of gold
and subsequently, a periodic array of microstructures. The process can be carried out on
substrates of different crystallographic orientations leading to nanostructures which are
formed epitaxially and have orientations based on underlying substrate orientations. The
process can be extended by placing a metallic foil of Pt or Ni over preformed templates,
in which case a reduction in the size of the initial structures is observed. Placing a foil on
structures with random placement and a wide size distribution results, not only in a size
reduction, but also a narrowed size distribution.

Additive processes are carried out by using materials which possess high vapor
pressures much below the sublimation temperature of the template materials. In this case
a germanium substrate was used as a source of germanium adatoms while gold or silver
nanostructures were used as heterogeneous nucleation sites. At elevated temperatures the
adatoms collect in sufficient quantities to transform each site into a liquid alloy which,
upon cooling, phase separates into elemental components sharing a common interface
and, hence, resulting in the formation of heterodimers and hollowed metal nanocrescents

upon etching away the Ge.

il



A process which combined aspects of the additive and subtractive process was
carried out by using a metallic foil with a high vapor pressure and higher surface energy
than the substrate surface (in this case Pd foil). This process resulted in the initial
preformed gold templates being annihilated and replaced by nanostructures of palladium,
thereby altering their chemical composition. The assembly process relies on the
concurrent sublimation of palladium and gold which results in the complete transfer of
the templated gold from the substrate to the foil, but not before the templates act as
heterogeneous nucleation sites for palladium adatoms arriving to the substrate surface.
Thus, the process is not only subtractive, but also additive due to the addition of

palladium and removal of gold.
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CHAPTER 1

INTRODUCTION

1.1 Metallic Nanostructures

The properties of metals change dramatically when their dimensions are reduced to
the nanoscale. Metallic nanostructures demonstrate complex and interesting properties due
to their unique interaction with light. The characteristic colors associated with the bulk give
way to tunable optical properties, often giving rise to bright intense colors, which are
dependent on the size and shape of the nanoparticle, as well as the dielectric properties of
the surrounding medium. These interesting optical attributes are due to the collective
oscillations that the free-electrons in the metal undergo with respect to the positive metal
lattice, driven by the oscillating electric field of the incident electromagnetic radiation. !>
The collective free-electron oscillation is resonant at a particular frequency and is termed
the localized surface plasmon resonance (LSPR). Plasmon modes, which occur in a number
of metals of various geometries, lead to strong light scattering, absorption and large
electromagnetic fields that extend well beyond the physical dimensions of the nanoparticle.
The plasmon frequencies of gold, silver and copper lie in the visible region of the

electromagnetic spectrum,*

but since copper is easily oxidized, gold and silver

nanostructures are far more attractive from the standpoint of optical applications.
Nanoparticles are also highly chemically reactive as compared to their bulk

counterparts due to an increased surface-to-volume ratio.’ Catalytically active metals such

as platinum and palladium are extremely attractive at this length-scale, but even metals

such as gold which are chemically inert in their bulk form become catalytically active when



reduced to the nanoscale.® LSPR modes further enhance the catalytically active surfaces
promoted at the nanoscale. Once excited, LSPR modes decay through two channels: (i)
radiatively by re-emission of a photon (scattering) or (ii) non-radiatively by the absorption
of'the energy resulting in electron — hole pair formation. The possibility of using the created
electrons (or holes) generated by absorption for bond-breaking and bond-formation in
adsorbates on the nanoparticle surfaces could result in enhanced chemical reaction by

plasmon-mediated mechanisms.’

1.2 Applications of Metallic Nanostructures

The applications of metallic nanostructures are derived from their optical and
catalytic properties. Numerous potential applications exist in the areas of photovoltaics,®
catalysis,” biological and chemical sensing!® and for the growth of semiconductor

nanowires.!' These are described in the sections below.

1.2.1 Enhancement Agents for Photovoltaics

Light scattering from a nanoparticle in a homogeneous medium is unifom in the
forward and reverse directions. On the other hand, placing the nanoparticle at the interface
between two dielectric mediums changes the scattering in such a way that light is scattered
preferentially into the dielectric with the larger permittivity.® This property can be used to
enhance the coupling of light into semiconductor thin films by scattering from plasmonic
nanoparticles placed on their surface. The strong local field enhancement around the metal
nanoparticles caused by resonant plasmon modes can be used to increase absorption in the

surrounding semiconductor medium through the creation of electron-hole pairs in the



vicinity of the nanoparticles. The integration of metallic nanostructures within photovoltaic
architectures provides the ability to construct optically thick, but physically thin,
photovoltaic absorbers. The guiding and concentration of light using plasmonic geometries
allows for the use of semiconductor absorbers with a relatively large number of defects and
impurities without suffering from significant volume recombination losses and increased
cost associated with material purification. The thin absorber layers also help overcome the
considerable problems of materials scarcity associated with many compound

semiconductors.

1.2.2 Chemical and Biological Sensors

The ability to focus intense electromagnetic fields in the vicinity of nanoparticles
provides remarkable opportunities to improve flourescence, non-linear spectroscopy and
sensing.'? The intense and bright plasmonic responses from metallic nanoparticles have led
to their use as alternative probes for the detection of biomolecules.!*> Organic dye
molecules, which are traditionally used in single-molecule fluorescence, are hindered by
blinking and rapid photobleaching.'"* On the contrary, noble metal nanoparticles, with
plasmon resonances in the visible range neither blink nor bleach and provide opportunities
to detect the binding of proteins to functionalized nanoparticles by exploiting the
dependence of the plasmonic resonance wavelength on the refractive index of the particle’s
surroundings. Plasmonic sensing can also be used for monitoring low concentrations of

biochemical agents and detecting flammable and noxious gases. '’



1.2.3 Catalytic Seeds for Nanowire Growth

Metallic nanoparticles are used as the starting seed material for the growth of
semiconductor or metallic nanowires via the vapor-liquid-solid (VLS) growth mode.'® For
this growth mode, gaseous reactants supersaturate a liquid metallic nanoparticle located on
the surface of a substrate, which leads to the nucleation of solid vertical nanowires at the
location of the initial seed particle. Growth persists as long as there is continuous
dissolution of material into the catalyst that matches the constant extrusion of solid material
at the liquid-solid interface. This bottom-up approach gives rise to a I-dimensional
nanowire structure capped with a catalytic gold seed, where the diameter of the nanowire

is determined by the size of the seed.

1.3 Fabrication of Substrate-Supported Nanostructures

Establishing control over nanostructure size and position is important from the
standpoint of plasmonic applications where the resonant frequency is determined by finite
size effects and in obtaining nanowire homogeneity via the VLS growth mode. There are
a multitude of ways to manufacture substrate-supported nanostructures in general, some
used in industry and some used in research, based mostly on their success rate, cost and
relative ease of use. Photolithographic techniques, which have been the mainstay of the
semiconductor industry, are responding to the challenges of fabricating nanoscale
structures below the diffraction limit of light through the introduction of increasingly
sophisticated techniques which include 193 nm immersion lithography,'” extreme

9

ultraviolet lithography (EUV),'® interference lithography,'® and step and flash imprint



lithography.?® These advanced techniques, while being technically demanding, are also
cost-prohibitive.

In response to these technically demanding cost-prohibitive routes has been the
development of a multitude of unconventional lithographic techniques focused on the
formation of patterned photoresist materials.?! While far less cost-prohibitive, each of these
routes faces their own distinctive technological hurdles. Other unconventional routes avoid
the use of photoresist materials, instead opting for the use of nanoscale apertures (e.g.

22 stencil lithography®®) or the direct imprinting of metallic

nanosphere lithography,
structures.”* These techniques, while yielding impressive results, have not yet
demonstrated the scalability and high-throughput characteristics needed for wafer-scale
integration. In contrast, low-cost self-assembly processes have proved quite effective in the
formation of substrate-supported nanostructures with arbitrarily small dimensions, but
where their accurate placement has proved exceedingly difficult. Notable procedures
giving rise to the near-random formation of nanostructures on substrate surfaces include
thermal dewetting,>> vapor phase epitaxy,?® the linking of solution-formed

13 spinodal dewetting,>” and microwave plasma-induced dewetting.?®

nanostructures,
Among these, the thermal dewetting of ultrathin continuous films stands out as both cost-

effective and, from a technical standpoint, straightforward.

1.4 Current Work and Contents
The objective of the work carried out was to grow an ensemble of metallic
nanostructures by the process of thermal dewetting, where control is established over such

properties as nanoparticle size, placement, interparticle spacing and composition, through



the mere placement of an adjacent surface in proximity to assembling or pre-formed
templates. This work carried out is organized as follows:

e Chapter 2 describes the experimental techniques used in the process of
thermal dewetting. This includes the techniques used for film growth and
a discussion of the mechanisms guiding the dewetting process.

e Chapter 3 describes the analytical techniques used for the characterization
of the physical, chemical and optical properties of these nanostructures.

e Chapter 4 describes a new approach devised for forming a periodic array
of microstructures during the process of thermal dewetting. It is based on
the presence of a surface energy gradient between the substrate, thin film
and the surface in contact with it.

e Chapter 5 extends the concept of the use of the surface-energy gradients
to reduce the intial size of preformed templates formed both randomly and
in arrays. Initial structures with a wide size distribution are both reduced
in size and their size distribution is narrowed.

e Chapter 6 describes the process of modifying the composition of the
inititally assembled templates by the close-space sublimation process. The
preformed templates undergo annihilation while simultaneously acting as
heterogeneous nucleation sites for the growth of nanostructures of a
different material.

e Chapter 7 describes the heterogeneous nucleation process where the
templates are not lost during the assembly process, but instead form

eutectic combinations with the arriving adatoms from the adjacent surface.



The formation of periodic arrays of heterodimers and, subsequently, arrays
of nanocrescents are described which exhibit intriguing optical properties.
e Chapter 8 presents the overall conclusions of this work and discusses

exciting future opportunities associated with the devised growth mode.



CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Thermal Dewetting

Thermal dewetting is one of the easiest and the most inexpensive techniques to
form substrate-supported nanostructures. In this process, a high surface energy thin film is
deposited on a low surface energy substrate surface and heated to elevated temperatures
leading to the agglomeration of the film into droplet-like structures. The deposited film is
in a meta-stable state, owing to the high surface-to-volume ratio, but where at room-
temperature the atoms lack the energy needed to change their geometrical configuration.
Upon heating, the film starts to break up into isolated islands and, with sufficient energy,
these islands transform into substrate-truncated nanostructures with a contact angle defined
by Young's equation. This process occurs in the solid state and hence is termed solid-state
dewetting. From an experimental standpoint, the two basic steps for the process of thermal

dewetting are: (i) thin-film deposition and (ii) film dewetting.

2.1.1 Thin Film Deposition

Thin film deposition can be carried out via a multitude of techniques, be it (i)
physical vapor deposition (PVD),” where the atoms from the source (i.e. target) are
vaporized by physical means and directly transported to and deposited on the substrate, or
(ii) chemical vapor deposition (CVD),?® where vapor phase chemical carriers transport
atoms to a heated substrate where, through a chemical reaction, they disintegrate leaving

behind a source of atoms which form the film on the substrate surface.



Experiments carried out in the current studies used a PVD technique, referred to as
sputtering, for the deposition of thin films. This technique removes target atoms at the
surface of a solid target through ion-bombardment. The target is sputtered and the film
deposited on a nearby substrate is said to be sputter-deposited. The Gatan ion beam sputter
coater used for the process, (shown in Figure 2.1), utilizes an ion source consisting of a
cathode-anode combination which creates an electrostatic field which focuses an ion beam
onto the target surface. Argon ions are generally used for this process. Argon gas is injected
into the ion source and the high electric field within this source causes this gas to ionize,
creating a plasma inside the source region. The ions are then accelerated from the anode
and exit the aperture creating a collimated ion beam which impinges upon the target
material. The collisions cause target atoms to be ejected, a process which leads to the
deposition of a uniform film on the substrate which is then placed in the path of the target

atoms.

Figure 2.1. Images of (a) the ion-beam sputter coater used for thin film deposition and (b)

the associated sputter chamber with labeled ion beam sources and sputtering targets.



2.1.2 Dewetting of a Thin Film

Dewetting of a thin film is carried out in a tube furnace. This furnace is equipped
with a thermocouple and heating elements which are used to heat the samples. A quartz
tube is mounted into the furnace as shown in Figure 2.2a and argon gas us flowed through
it to maintain an inert environment. The substrate, coated with a thin film, is mounted in
an alumina crucible and loaded into the tube as shown in Figure 2.2b. Multiple substrates

can be heated at once.

Figure 2.2. Images of (a) a quartz tube furnace which has been heated to 1100 °C and (b)

a ceramic boat/crucible holding 4 samples which are confined within a quartz tube.

2.2 Dewetting Mechanism

Any planar high surface energy film deposited on a low surface energy
substrate is morphologically in a metastable state. As the thickness of a film is reduced, its
surface-to-volume ratio increases dramatically, creating a situation where surface atoms
have fewer bonds than those in the bulk. This results in the film being thermodynamically
unstable to processes which result in a reduction to the surface-to-volume ratio. The

reduction in surface area is achieved by mass transfer through diffusion. Initially when a
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thin film is deposited, it lacks the kinetic energy required to reach the thermodynamically
favored state. If sufficient energy is provided then surface energy driven diffusion will
occur, resulting in a shape change in the deposited thin film that cause it to transform from
a continuous to discontinuous geometry. This, so-called, agglomeration process sees the
transformation of the thin film into a collection of beads. As the thin film is heated, it begins
to retract at it edges and form voids which expand. This process is depicted schematically

in Figure 2.3.

Figure 2.3. A schematic depicting the dewetting process. Dewetting occurs by the

nucleation of holes in a film, followed by the progressive growth of these voids.

In a thin film, holes nucleate at defects associated with film growth - typically grain
boundary triple junctions®! where three grain boundaries intersect each other and which
extend from the surface of the substrate to the film's surface. Such triple junctions are
susceptible to a process referred to as grain boundary grooving where diffusion from these
intersection point leads to a deepening of the groove. These triple junctions are important
because it has been shown that the depth of holes formed at such junctions is greater than

32

the depth of grooves formed at the boundaries between two grains.”~ As these grooves

11



deepen they reach a point where the substrate surface is intersected. Thus, a void is created
in the film (Figure 2.3b), whose edges then retract and thicken due to the material being
removed and deposited around its periphery (Figure 2.3c¢). As the hole continues to expand,
the thickening of the edge becomes unstable, leading to areas which are thinner. Void
propagation accelerates through these thinner areas of the film leading to the development
of a non-planar front where certain parts of the edge recede faster than others. This leads
to the formation of fingers which are formed due to an edge instability. Fingers reduce their
surface energy by thickening and eventually pinching-off, a process which leaves isolated
islands of material on the surface (Figure 2.3d).

The mechanisms governing this dewetting phenomenon, are quite complex and are
also influenced by the film thickness,** the crystallographic orientation of the substrate
and film,> substrate surface reconstructions,’® the substrate-film lattice mismatch,*
faceting,*® and interface chemistry.>” Thinner films dewet at lower temperatures and give
rise to droplets which are smaller and more numerous.** Once formed, the gold droplets
are subject to Ostwald ripening (Figure 2.4), where there is an exchange of atoms along

the substrate surface with larger droplets growing at the expense of smaller ones.*-

> Time

Figure 2.4. Schematic depicting the process of Ostwald ripening. Over time the smaller

nanostructures are consumed at the expense of the larger ones.
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2.3 Equilibrium Morphology of Nanostructures

The result of dewetting is the formation of substrate-supported nanostructures with
lower total surface energy compared to that of the initially deposited thin film. If the total
surface energy is isotropic, as is the case of a liquid droplet, then the solution to energy
minimization is the formation of a spherically shaped particle as shown in Figure 2.5,
where the equilibrium shape is defined by Young's equation: ys= yq cos® + vyi. ys1is the
surface energy of the substrate-air interface, yq is the surface energy of the particle-air
interface and vy is the surface energy at the particle-substrate interface and the equilibrium

contact angle, 0 is formed when all the three surface energies are balanced.
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Figure 2.5. Schematic of a liquid droplet with isotropic total surface energy in equilibrium

on a substrate surface.

Two extreme cases are possible. In the first case, the film has a much lower surface
energy compared to the substrate. This results in a contact angle of 0°, which indicates that
the droplet will spread across the substrate surface to form a continuous layer. In this

scenario, the droplet wets the surface. In the second case, the droplet is a complete sphere



having a contact angle of 180°. This corresponds to the non-wetting case, where there is no

adhesion of the liquid droplet to the substrate surface.
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Figure 2.6. Schematic of the equilibrium shape of the supported crystalline solid, with

anisotropic surface energies.

For crystalline solid materials, the total surface energy is anisotropic, with the
various surface planes in the crystal structure exhibiting different surface energies. The
energy-minimizing shape, in this case, is determined using the limiting planes of the lowest
possible surface energy as is shown in Figure 2.6. Calculations of the equilibrium shape
were carried out by Wulff, and the results are now referred to as the Wulff theorem. The
polyhedral equilibrium predicted by this theorem are termed Wulff shapes.*® For metallic
nanostructures, which have a face centered cubic (fcc) crystal structure, the Wulff shape is
a truncated octahedron containing eight hexagonal (111) facets and six square (100) facets.
In the case of a substrate-supported structure, the Wulff shape is truncated at the substrate-

nanostructure interface by an amount hs, quantified by the interaction of the particle with
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the substrate and given by the adhesion energy. The surface area of each facet is a function
of the surface energy of the particular facet. The central distance of the facet (h;and hj) is
dependent on a number of factors including the lattice mismatch, interfacial strain and the
presence of dislocations. In summary, the equilibrium shape of the supported crystal is
defined by the surface energy of the facets and the interfacial adhesion energy. The contact
angle between the substrate and the bottom side facets is defined by crystallography and is

not dependent on thermodynamic equilibrium.

2.4 Controlling the Dewetting Process

With the understanding that solid state dewetting proceeds via surface diffusion
away from edges which extend from the underlying substrate to the surface of the film,
numerous groups have induced order into the agglomeration process through the
establishment of lithographically patterned edges which, upon heating, retract in an
organized manner.>**!*2 Using this approach, in combination with epitaxial nickel films,
Thompson and coworkers®>* have induced the assembly of intricately shaped micrometer-
scale nickel islands where the final shape is dependent on: (i) the annealing conditions, (i1)
the epitaxial relationship formed and (iii) the orientation of the lithographically defined
edges relative to the substrate crystal structure. A second approach relies on the fabrication
of a substrate with a periodic surface texture over which a continuous metal film is
deposited.***>46 At elevated temperatures the textured areas with the highest curvature
create film weak points at well-defined locations which activate the dewetting

phenomenon. While arrays of metal structures have been produced in this manner, the
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highly textured nature of the surface creates numerous challenges if these structures are to
be incorporated into device architectures. There is a need for a superior approach which
exercises control over the templated dewetting process in a manner that does not affect the

substrate surface.
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CHAPTER 3

CHARACTERIZATION TECHNIQUES

3.1 Introduction

Materials characterization involves the investigation of the structure and chemistry
of materials. Characterization of nanoscale structures is necessary to obtain an
understanding of their fundamental properties and to establish control over the synthesis
techniques. An understanding of the synthesis-structure-property relationships of
nanostructures is vital in achieving the ultimate goal of synthesizing/fabricating functional
nanomaterials. Different characterization techniques have been used as part of this research
work and a brief overview is provided in this chapter.

Scanning electron microscopy (SEM) is the primary technique utilized for
obtaining morphological data regarding the size, shape and spatial distribution of structures
over the substrate surface. Transmission Electron Microscopy (TEM) was used to confirm
the morphology of individual structures and generate electron diffraction patterns able to
determine their crystal structure. X-rays are generated by the interaction of electrons with
the specimen in both the SEM and TEM which are then analyzed using an Energy
Dispersive X-ray Spectrometer (EDX/EDS) to obtain the composition profile of the
structures formed. While the TEM can be used to determine the crystal structure of each
individual nanoparticles, the X-ray diffraction technique can be used for determining the
crystallography of an ensemble of particles on the substrate surface. This is a powerful
technique when studying the epitaxy of the nanostructures formed relative to the

orientation of the substrate. Atomic Force Microscopy (AFM) was used to obtain
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nanoparticle height information and image individual nanostructures in cases where the
resolution of the SEM proved inadequate. Finally, UV-Visible Spectroscopy (UV-Vis) was

used to determine the plasmonic response of the particles situated on the substrate surface.

3.2 Scanning Electron Microscopy (SEM)

SEM is an invaluable non-destructive measurement technique*® which uses a
focused beam of electrons to generate a variety of signals as shown in Figure 3.1. An
incident beam of electrons is generated using a heated tungsten (W) filament or a cold
cathode field emission gun. The incident electrons are accelerated to high energies and,
hence, possess significant kinetic energy, which when dissipated in the specimen result in
the emission of electrons, photons and X-rays. When the incident beam of electrons
interacts with a specimen, three types of electrons are emitted: (i) secondary electrons with
energies < 50 eV, (ii) backscattered electrons, which have energies similar to those of the
incident electrons and (iii) Auger electrons, with very low energies, which are emitted by
the decay of excited atoms. Two other modes of relaxation of excited atoms result in: (i)
the emission of a photon, known as Cathodoluminescence and (ii) the emission of

characteristic X-rays.
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Figure 3.1. Schematic showing the incident electron beam and the various signals

generated from the specimen.

The discussion in this section is limited to secondary and backscattered electrons,
as these electrons were primarily used to characterize the nanostructures. Secondary
electrons are used for imaging the morphology of nanostructures while backscattered
electrons are valuable for discriminating contrasts in compositions.

Secondary electrons are produced through the inelastic scattering of electrons from
the incident beam with the specimen. The resulting transfer of energy from an incident
electron causes the expulsion of outer-shell electrons from the atoms in the sample. These
electrons have energies less than 50 eV and are typically generated from the specimen
surface. The escape depth of these electrons, which ranges from 5-50 nm, is dependent on

parameters such as the acceleration voltage of the incident beam, the atomic number of the
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atoms being probed and the sample tilt angle. As the escape depth of secondary electrons
is very shallow, the yield is sensitive to the topography of the sample.

Backscattered electrons are incident electrons which have been elastically scattered
by the atoms within the specimen. When the incident electrons interact with the electric
field of the nuclei of specimen atoms they undergo a change in their trajectory without
significant loss of energy. The few incident electrons that are deflected back out of the
specimen and are, hence, termed backscattered electrons. Their energy is close to that of
the incident beam energy. The penetration depth is higher for backscattered electrons than
it is for secondary electrons, which causes a lateral broadening of the probed region. This
reduces the spatial resolution of the backscattered electron image compared to a secondary
electron image. The number of backscattered electrons emitted depends on the atomic
number of the element being analyzed, with elements of higher atomic number resulting in
more backscattered electrons. As a result, heavier elements appear brighter in a
backscattered image.

A key requirement for specimen imaging using an SEM is that the sample be
sufficiently conducting to provide a conduction path for the incident electrons. Charge
build-up on insulating samples causes a deflection of the beam and a distortion in the
image. Highly insulating samples are generally coated with a thin layer of conducting

material such as gold, gold/palladium alloy or carbon.
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3.3 Transmission Electron Microscopy (TEM)

While SEM is used to study the morphology and composition using electrons which
are scattered elastically or inelastically from the surface or sub-surface of the specimen, a
TEM is used to study thickness, crystal structure and the defects in a sample using electrons
which are transmitted through the sample.*® The incident electron beam in the TEM is
operated at much higher accelerating voltages (100 — 120 kV) compared to the SEM (1-30
kV).

Bright-Field (BF) images can be obtained by collecting electrons from the
transmitted beam and focusing them onto a scintillating screen or a CCD array. Since the
wavelength of electrons is of the order of the lattice spacing in crystals, an electron
diffraction pattern can be obtained by the scattering electrons off various crystal planes.
The scattered electrons form diffraction patterns which can be analyzed to determine the
crystal structure and orientation of the specimen relative to the incident beam.

The samples which are characterized in the TEM must be ultra-thin compared to
the samples examined using SEM. Nanostructures are assembled on membranes of
amorphous carbon supported on copper grids or silicon nitride (Si3sN4) membranes on
silicon wafers. As part of this work, structures were either directly grown on these
membranes at lower temperatures or transferred onto the membranes after being grown on

crystalline substrates at higher temperatures.
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3.4 Energy Dispersive X-ray Analysis (EDX/EDS)

X-rays characteristics of the atoms in the specimen are emitted as a result of the
interactions of electrons with the specimen atoms in both SEM and TEM measurements.*®
While the backscattered electron images in the SEM can show compositional contrast
resulting from the presence of elements with different atomic numbers (Z), EDS is
necessary to provide both a qualitative and a quantitative analysis of the elements in the
specimen. Measurements of the emitted x-ray wavelength (or energy) enables a qualitative
analysis through the identification of the particular elements in the sample, while
quantitative analysis of the elemental composition can be carried out by measuring the
number of X-rays emitted per second from the different elements and then calculating the
relative proportions.

The EDS detector is interfaced to software which provides for the straightforward
analysis of the X-rays generated. It associates the energy of the X-ray with the well-known
energy levels of the shells of individual elements. In addition, elemental data can be obtained
using a number of detection modes:

e Point & ID: The electron beam is kept stationary at a spot or a series of spots
and a spectrum is generated which provided localized elemental information.

e Line scan: The electron beam follows the line drawn on the sample image and
a plot of the relative proportions of individual elements along that spatial
gradient is generated.

e Mapping: The electron beam is rastered over a scanned area or a selected area
and the distribution and relative proportion (intensity) of the elements is

mapped.
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3.5 Atomic Force Microscopy (AFM)

AFM is a proximal scanning probe technique in which a sharp tip is brought close
to and rastered over a surface in manner which maps out the surface topography.*’** When
a tip is brought close to a surface, it can experience either attractive or repulsive forces due
to interactions which depend on the nature of the surface being probed. These interactions
may be due to van der Waals forces or to other forces of a chemical, magnetic or
electrostatic nature. The tip is attached to a cantilever and the forces experienced by the tip
causes the cantilever to bend. The deflection of the cantilever is detected by a laser beam
which is reflected off the back surface of the cantilever. A major advantage of the AFM is
the ability to image both conducting and insulating specimens with equal ease with almost
no sample preparation.

A piezoelectric micropositioner which is coupled to an electrical feedback
mechanism is integral to microscope design. As the piezoelectric drive moves the
cantilever in free space, the tip on the cantilever exactly follows the motion of the drive.
As the tip approaches a surface, it experiences a force which causes a displacement of the
tip. The force curve is obtained by the measurement of the force as a function of the
distance of the tip from the surface. The AFM tip can be used in contact or tapping mode
to scan an area and produce a topographic image of the surface. In contact mode, the tip
approaches the surface until it makes physical contact where feedback circuitry is then set
to maintain a constant deflection. In the tapping mode, the cantilever is set to resonate at a
fundamental frequency and the tip touches the surface at each oscillation and a topographic

image is produced over a particular area.
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3.6 UV-Visible (UV-Vis) Spectroscopy

The plasmonic properties of metallic nanostructures makes UV-Vis spectroscopy a
valuable tool in identifying and characterizing nanostructures. This technique can quantify
the absorption and scattering of light by a sample.*’ The spectrum generally extends from
300 nm — 800 nm where a tungsten-halogen lamp is used as the source of continuous
radiation. To probe further into the UV, an additional source is needed. Deuterium arc
lamps with a continuous spectrum from 185nm - 400 nm are used for this purpose. The
intensity of light is measured by a photodetector with and without a sample placed in the
path of the light source. The propagation direction of radiation is perpendicular to the plane
of the substrate. The measured intensities are compared at each wavelength to quantify the
sample's wavelength dependent extinction spectrum. Extinction accounts for all the
radiation that is either absorbed or scattered by the sample and not transmitted. The

extinction data obtained is plotted with respect to wavelength.

3.7 X-ray Diffraction (XRD)

X-rays have wavelengths (0.01 — 10 nm) which are in the range of the lattice
spacings between atoms in a crystal. This makes them ideal probes for the examination of
crystal structures.®® In this technique, monochromatic X-rays are incident on a sample
where they undergo elastic scattering with the electrons in the crystal. The X-rays incident
on the crystal are diffracted in a pattern which is unique to both the crystal structure and
crystal orientation relative to the direction of the incident X-rays. As a result, each material
has its own diffraction signature which is dependent on the spacing between the planes, d.
These spacings can be indexed based on the Miller of crystalline plane (h k 1), the lattice

constant (a) and the diffraction angle (). The relationship governing diffraction is Bragg's
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law: nA = 2d sin 0. The crystal orientations of an ensemble of particles can be determined
where the data is plotted as the diffraction angle, 20, on the X-axis and the reflected

intensities on the Y-axis.
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CHAPTER 4

MANIPULATING THE POSITION OF NANOPARTICLES

4.1 Templated Dewetting

A new approach to templated dewetting was devised which is schematically
depicted in Figure 4.1. In this approach order is imposed in the dewetting process by
placing the top surface of the gold film in contact with a template surface which has a
higher surface energy than the film. The hypothesis was that when heated the gold under
the template surface would leave the substrate and attach to the template due to its higher
surface energy and the remaining gold in the center of each opening would dewet to form
a single nanostructure resulting in the formation of a large area periodic array of ordered
nanostructures. Electroform metallic grids made of nickel (Figure 4.1b) were used as the

template.
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Figure 4.1. (a) Schematic of the process used to assemble periodic arrays of intricately

shaped gold microstructures (b) SEM image of the electroform nickel grid used.
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4.2 Assembly Process

Fabrication of the large-area periodic arrays were carried out on oxide substrates.
Oxide substrates were used due to their thermal stability and high resistance to gold
diffusion at the processing temperatures used. Gold films of thickness 160 nm were
sputtered at room temperature onto the surface of (0001)-oriented AlLOs3 (i.e. c-plane
sapphire), (100)-, (110)- and (111)- oriented MgO and MgAL,O4 substrates. Electroformed
nickel mesh TEM grids with 7 um square cells and a repeat spacing of 12.5 pm were used
as the mold. The mesh acts as a rigiflex mold,*' simultaneously offering mechanical
strength and flexibility. The heating regimen is set such that the temperature is raised to
1065 °C in 23 min, held at that temperature for 5 min, and then cooled to room temperature
over a period of three hours. The procedure was carried out under a 60 sccm argon flow to
prevent oxidation of the nickel mesh.

One of the main challenges to the assembly process was in obtaining conformal
contact between the mesh and the Au film. Lack of conformal contact between the Au film
and mesh results in the formation of isolated regions of randomly formed structures as
shown in Figure 4.2a-b. Multiple structures per grid square are also formed due to a lack
of proper contact between the two surfaces. Conformal contact between the mesh and gold
film was improved by placing a second substrate over the mesh and applying a pressure to
flatten the mesh and improve contact with the thin film. This applied force, improved the
contact marginally, but was still unsatisfactory because it allowed the mesh to buckle and

an increase in the force led to cracked or broken substrates.
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Figure 4.2. Large-area views of an array formed from the templated assembly process for
the case where the mesh buckled. Note that the lack of conformal contact results in the

formation of structures with random size and periodicity.

As a response to this buckling problem, a more reliable method was developed
which used a clamping mechanism that applies a small force throughout the assembly
process as shown in Figure 4.3a-b. The purpose of the clamp is to prevent the mesh from
buckling but it is not intended to imprint the gold film as the applied pressure is well below
the yield strength of Au. The clamp was made of titanium (Ti) to withstand the high
temperatures associated with the dewetting process. A sandwich structure consisting of the
thin film coated substrate, Ni mesh and a second substrate was placed in the quartz tube in
the furnace and the films were dewetted. Initial experiments showed very good large-area
array formation but titanium contamination was detected in the arrayed structures. This
issue was, however, resolved by enclosing the sandwich structure in a molybdenum (Mo)

liner.
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Figure 4.3. (a) Schematic of the clamping mechanism used to obtain conformal contact
between the gold film and nickel mesh. (b) The assembled titanium metallic clamp used

for the clamping process.

4.3 Results

Once the process was complete, the sample was removed from the furnace and the
nickel mesh was peeled off, leaving behind an array of standalone three-dimensional
faceted gold microstructures. Figure 4.4 shows an SEM image of a periodic array of 2.7
pum diameter gold microstructures formed on (100) MgO, a clear demonstration that this
assembly method can be used to form large-area defect-free arrays with a high degree of

size uniformity.
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Figure 4.4. SEM image of a periodic array of gold structures formed on MgO (100).

To obtain insight into the assembly process a series of SEM images were taken
(Figure 4.5), where the assembly process was interrupted at various stages. Initially, the
as-deposited gold film appears black as is expected for a flat and featureless surface imaged
in secondary electron mode. As the gold film is heated, contact between it and the nickel
mesh leads to the formation of a diffusion bridge which drives gold from the film surface

to the mesh due to the higher surface energy of nickel.>

As the process continues, gold is
selectively removed from the substrate to the nickel for film areas directly below and
adjacent to the mesh, leaving the intervening areas relatively unscathed. Above 900 °C, the
gold loss to the mesh is so severe that the film ruptures at the periphery of each cell,
isolating square islands of gold. At this point, the assembly process proceeds in a manner

41-46

analogous to other templated dewetting routes, showing directed surface diffusion

away from the gold-substrate interface. The diffusion process continues until a single
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structure is formed in the center of each cell having a volume equal to approximately 65%
ofthat initially enclosed by the cell. Removal of the mesh reveals a periodic array of highly
faceted microstructures, but where the surface of the substrate shows some scarring due to

interactions with nickel.>® In addition, EDS results indicated measurable levels of nickel

contamination within the gold microstructures.

23°C —> 900 °C >

1065 °C — 23 °C

Figure 4.5. SEM images showing the high temperature assembly process induced by a

nickel mesh (scale bars = Sum).

It is noted that temperatures exceeding the melting point of gold are not required
for the assembly of arrays, but does result in the formation of microstructures with
pronounced faceting due the melting and subsequent recrystallization which occurs. Figure
4.6 (a, b) shows SEM images of the highly faceted gold microstructures formed on three
crystallographic orientations of MgAl>O4 and MgO, respectively. For the case of MgALOs,
the faceting is quite similar for all three structures, but the structure is rotated relative to
the substrate due to an altered heteroepitaxial relationship. The structures formed on the
three crystallographic substrate orientations show a tendency for the nanostructure top facet
to be similar to the underlying substrate orientation. Thus the structures formed on (100)-
oriented substrates expose a square (100) top facet, on (110)-oriented substrates a

rectangular (110) top facet is exposed and the (111)-oriented substrate nanostructures show
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the formation of'a (111) top facet on the structure. The structures formed on MgO (Figure
4.6b) show much the same trends except where the contact angle is lower with the Au
structures showing a higher tendency to wet the surface of MgO. This indicates a higher

surface energy of MgO as compared to MgALOa.

(a) MgAl,O, (100) MgAl, O, (110) MgAl, 0, (111)

{111} {100} | {100}

167

{110}

{111} ~ . A {110}

Figure 4.6. SEM images of Au microstructures formed in periodic arrays on (a) MgALO4
and (b) MgO substrates of various orientations (scale bar = 1 um). The facets are labelled

based on those typically observed in fcc materials.
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4.5 Discussion

It has been previously shown that both dewetted gold** and copper*® exhibit a strong
tendency to form such a heteroepitaxial relationship with the substrate when heated to
temperatures in excess of their melting point. While there is a strong tendency for the top
facet to exhibit the same crystallographic orientation as the underlying substrate, there is a
near 20% probability to form a (111) top facet structure on the (100) and (110) substrates
as well as the tendency for the structures to show a slight wobble off their expected
orientation. Also the additional facets observed on MgO are consistent with the formation
of (311) and (210) surfaces.

The equilibrium crystal shape of a material is related to the surface energy
anisotropy of the various crystal planes. The predicted equilibrium crystal shape of copper
is close to a sphere truncated by small {111) and {100} facets.’* The observed faceting of
the Au microstructures on MgO and MgAl,O4 are quite similar to that observed by Curiotto

et al ®

for dewetted copper films deposited on c-plane sapphire substrates, showing (100),
(110) and (111) facets. It is noted that for both cases this is not the predicted equilibrium
structure, which is described as a sphere truncated by facets of particular surface
orientations.>* The surface energy anisotropy of fcc metals is relatively weak and this leads
to the formation of equilibrium crystal shapes that are bounded mainly by curved surfaces
between the occurrence of low-index facets. It has however, been observed that the
presence of surface active impurities results in the formation of unusually sharp edges,

faceted rings and appearance of new facets.>* The presence of measureable amounts of

nickel impurities in the microstructures could influence the faceting of the Au
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microstructures. The presence of nickel impurities could lead increased anisotropy of the

surface energies by surface segregation or functionalization of particular facets.

4.4 Conclusion

It 1s has been demonstrated that the placement of an electroformed nickel mesh on
a gold film at elevated temperatures induces a deterministic assembly process which results
in the formation of a periodic array of highly faceted gold microstructures. With the route
likely applicable to other metals, this early stage work presents numerous opportunities in

the field of templated assembly.
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CHAPTER 5
MANIPULATING THE SIZE DISTRIBUTION OF SUPPORTED

NANOSTRUCTURES

5.1 Surface Energy Gradient Driven Assembly

The previously designed subtractive process to form arrays from thin films> can
be extended to reducing the size of pre-fabricated templated microstructures through the
use of surface energy gradients. It involves the placement of a metal foil in contact with
gold structures formed on the surface of an oxide substrate. Through high temperature
interactions with the foil the size of the nanoparticles is reduced and the overall
nanoparticle size distribution is narrowed. Foils with surface energy higher than the
templates are required for the occurrence of a surface energy gradient between the oxide
surface, the template structures and the foil. Contact between the foil and the templates
results in the formation of capillary bridges which drives the movement of template atoms
from the low surface energy oxide substrate to the high surface energy metallic foil. The

net-result is a much improved nanoparticle size distribution.

5.2 Experimental Procedure

The experimental procedure used to manipulate the gold nanostructure size
distribution is shown schematically in Figure 5.1. Gold films with a thickness of 12 nm
were sputtered at room temperature onto (0001)-oriented Al,O3 substrates. Platinum foil
was then laid overtop the gold film, covering approximately 50% of its area. The assembly

process proceeded by placing the combination into an alumina crucible and then cycling it
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through a heating regimen which sees the temperature raised to 1065 °C in 23 min, held at
that temperature for a set time interval (0, 5, 10, 15, and 20 min.), and then cooled to room
temperature over a period of two hours. The procedure was carried out in a tube furnace
under a 50 sccm argon flow. The foil was then removed from the sample, exposing a clear
boundary between those areas covered by the foil and those adjacent to it. The foil itself

offered little resistance to removal, often sliding off when merely tilting the sample.

{a) Deposit gold (b}  Apply Pt foil
over gold film

1 A5

(c] Heat to dewet (d} Narrow size distribution
gold film of gold nanoparticles

proc ANy ... 4

Remawve Foil

Figure 5.1. Schematic of the surface energy gradient driven assembly used to manipulate

the nanoparticle size distribution.

5.3 Results

Figure 5.2(a) shows an SEM image of the nanostructures formed by the dewetting
of a 12 nm gold film in the absence of Pt foil. While film agglomeration initially occurs
near 600 °C, a further increase in the substrate temperature to 1065 °C results in gold
nanostructures with: (i) an aspect ratio consistently near unity, (ii) a high degree of faceting,
(i) a preferential [111]-orientation normal to the substrate surface and (iv) adhesion to the
substrate surface strong enough to withstand sonication. The high temperature regime,

however, adversely influences the nanostructure size distribution through Ostwald
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ripening, a process where there is an exchange of atoms along the substrate surface with
larger structures growing at the expense of smaller ones.*® Figure 5.2 (b-d) shows SEM
images of the gold nanostructure distributions obtained when the Au films are confined
between a platinum foil and the oxide substrate upon which they were formed for 5, 10 and
15 min. The progression shows a systematic reduction in the size of the nanostructures
which proceeds to the point of nanoparticle extinction. After 20 minutes the substrate
surface is empty and contains no observable nanostructures. EDS measurements indicate
that the structures are composed of pure gold, with a platinum content below the level of
detectability. Also noteworthy is the fact that experiments using nickel or palladium foils
show a similar progression, but where there exists a significant transfer of atoms from the

foil to the gold nanostructures.

) o ol [ o) 8 min {c:l ‘10 min ) 18 min

Figure 5.2. SEM images showing the evolution of the Au nanoparticle size distribution
when a Pt foil is placed over them and held at 1065°C for (a) 0 min, (b) 5 min, (c) 10 min

and (d) 15 mins.

The size distribution of gold nanoparticles on samples exposed to Pt foil for various
time intervals was statistically characterized by analyzing 1000 nanoparticles on each
sample binned into 50 nm increments. The distribution for samples with no foil, and with

foil for 0, 5, 10 and 15 min were plotted as shown in Figure 5.3. With an increasing
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exposure time to the Pt foil, the size distribution narrows dramatically and the size of the
particles show a dramatic shift to smaller sizes. For example, in the absence of foil the
average size of structures is 430 nm while in its presence for 15 min, the average size
decreases to 100 nm. Also the average number of particles showing similar sizes increases

due to a decrease in the average size distribution.
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e

0 100 200 300 400 500 800 700
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Figure 5.3. Measured size distributions of Au nanoparticles for samples without Pt foil and

with exposure to Pt foil for 0, 5, 10 and 15 min.

The ability to sink material from one surface to an adjacent surface connected via
nanoscale point contacts also yields opportunities in terms of reducing the size of identical
gold particles formed in periodic arrays. The formation of such arrays becomes technically
challenging on nanometer length-scales (i.e. for diameters < 100 nm), but is quite
straightforward on larger length-scales. When a film is deposited on a substrate and
subsequently patterned to form a square with a width 'w' and thickness 'h', there exists a
pattern-width-to-film-thickness ratio (i.e. w/h) below which it can agglomerate into a single
structure when heated and above which it breaks up into multiple structures.*® For example,

when arrays were formed with a gold film of thickness 160 nm, a gold structure of diameter
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2.5 pm is formed by the agglomeration of the film within each grid square (Figure 5.4a).
On reducing the film thickness to 5 nm, the structures formed become much smaller as
expected, but the particles are formed on length-scales well below the periodicity of the
mask. So instead of getting one structure per cell now multiple structures are formed
(Figure 5.4b). A comparison of the two film thicknesses is shown in Figure 5.4. The only
way to make this process yield a single particle for the 5 nm case is to make the mask
opening significantly smaller. This is technically challenging and cost-prohibitive,
negating the main advantage of using the templated dewetting route. However, by first
producing these larger structures and then placing them in contact with the platinum foil,
it is possible to reduce their size to nanoscale dimensions. Because the gold microstructures
formed using the electroformed nickel mesh grid showed the presence of measurable
quantities of nickel in each nanostructure, the periodic arrays for these experiments were,
hence, fabricated using a newly devised assembly process referred to as dynamic

templating.®’

Figure 5.4. SEM images showing the comparison of the degree of agglomeration obtained

using a film of thickness (a) 160 nm and (b) 5 nm.
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5.4 Dynamic Templating

The process of dynamic templating is shown schematically in Figure 5.5. A shadow
mask consisting of a periodic array of openings is placed over the substrate surface and
film depositions are carried out which result in the formation of bi-layer pedestals on the
substrate surface. Such pedestals consist of a thicker sacrificial layer on the bottom and a
thinner agglomeration layer on the top. An ultrathin film of gold was chosen to be the
agglomeration layer while a much thicker antimony film was deposited as the sacrificial
layer. Antimony was chosen as the sacrificial layer because it readily sublimates in the
temperature regime where gold films typically dewet and it has a much lower surface
energy than gold,>? an attribute which promotes gold agglomeration. The array of pedestals
is then heated to temperature amenable to solid state dewetting. In contrast to conventional
templated dewetting, where the gold structure agglomerates and is formed on a substrate
material, the gold in this case agglomerates on the sacrificial antimony pedestal which is
simultaneously being annihilated by the sublimation of antimony atoms. This reduction in
pedestal area results in the forced migration of gold atoms to the center of the structure.
Once all the antimony is driven out through sublimation, a single gold structure is left on
the substrate at the center of the grid opening. The diameter of the gold structures formed

is determined by the initial thickness of the gold layer deposited.
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Figure 5.5. Schematic of the dynamic templating process used to assemble periodic arrays

of sub-micrometer and nanometer-scale gold structures.

5.5. Size Minimization of Assembled Periodic Arrays

Periodic arrays of gold, assembled by the process of dynamic templating were
exposed to platinum foil at elevated temperatures, resulting in substantial size
minimization. Figure 5.6 shows AFM images and cross-sections for a gold array before
and after exposure to platinum foil. The gold array was fabricated using a 5.5 nm thin film
of gold deposited overtop an antimony pedestal and heating to a temperature of 1065 °C to
ensure complete removal of antimony. This results in the formation of a gold array with a
diameter near 350 nm (Figure 5.6a). Exposing the array to Pt foil for 2.5 min results in the
array size being reduced in size to 22 nm (Figure 5.6b). This corresponds to a 94%
reduction in particle diameter and a 99.97% reduction in volume. Leaving the Pt foil on for
longer time resulted in the complete extinction of the gold nanostructure from the substrate

surface.
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Figure 5.6. AFM images and cross-sections for (a) a gold particle array with a 12.5 pm
periodicity and a particle radius of 350 nm and (b) the identical array after being exposed

to Pt foil for 2.5 min.

5.6 Discussion

The observed results can be attributed to an interplay between the various surface
energies, nanoparticle curvatures and binary phase diagrams involved. The migration of
gold from the nanostructure to the foil proceeds via nanoscale contact points which likely
take the form of a capillary bridge.’® With an ascending order of surface energies of
sapphire, gold and then platinum,? there exists a surface energy gradient able to drive gold
diffusion towards the platinum foil. Verification that diffusion along these nanoscale point
contacts is vital to the observed results, stems from experiments which eliminate gold loss
to the foil through the placement of 20 pm yttria stabilized zirconia (YSZ) ceramic spacers
between the foil and gold film. The high curvature of the gold surface also leads to an
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increased chemical potential (i.e. the Gibbs-Thompson effect) which further drives gold
migration and likely accounts for the fact that platinum diffusion into the structure is

% suggesting a significant platinum

negligible despite the Au-Pt binary phase diagram’
solubility at the processing temperature. With the understanding that the foil is only in
contact with the largest diameter nanostructures, it follows that gold is preferentially
depleted from them. With time, the largest structures shrink in size, bringing the foil into
contact with progressively smaller structures; this process continues until all gold is lost to
the foil. Of significance, is the fact that this process is in opposition to Ostwald ripening
which promotes the growth of large nanostructures and hence, a broadening of the size
distribution. It is noted that the ripening process is not eliminated by the presence of the
foil, but instead plays a considerably diminished role in determining the overall size
distribution. As the sample is cooled to room temperature the degree of bonding between
the platinum foil and gold nanostructures is likely mitigated by shear forces originating
from differences in the thermal expansion coefficients between the foil (9x10°° /K) and the
substrate (7x10° /K), the result of which is a foil that is easily removed. Palladium and
nickel foils show much the same behavior except for complications which arise from the
interdiffusion of atoms into the gold nanostructures. The fact that palladium foils are more
prone to interdiffusion is not surprising due to complete miscibility with gold and a vapor
pressure large enough to support the limited transfer of atoms directly to the substrate
surface.®” The Ni-Au binary phase diagram also shows miscibility at the processing
temperature where, for a range of alloy compositions, there exists a liquid phase field

which, if entered, would further accelerate kinetically driven processes.
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From the standpoint of applications the use of surface energy gradients to
manipulate the dewetting process presents both immediate and future possibilities.
Obtaining gold nanostructures with a narrow size distribution using the dewetting
phenomenon is of technological relevance to plasmonic applications where the resonant
frequency is determined by finite size effects®' and in obtaining nanowire homogeneity via
the vapor-liquid-solid growth mode.%* The utilization of such gradients could also extend
beyond the present results, where global manipulations in nanostructure size distribution is
achieved, to those where local manipulations are induced by selectively making contact
with only discrete areas. Furthermore, the discovery has applications to the field of
nanoalloys® as the replacement of the platinum foil with either nickel or palladium has
resulted in similar manipulations to the gold nanostructure size distribution, but where
measurable quantities of nickel (or palladium) have been incorporated into the
nanostructures. This ability to both locally source and sink material between two adjacent
surfaces connected via nanoscale point contacts could also facilitate new growth pathways
and allow for diffusion-based combinatorial synthesis routes achieved by sourcing

different elements at specific contact points.

5.7 Conclusion

To summarize, a straightforward procedure for manipulating the size distribution
of supported nanostructures derived from the dewetting of thin gold films has been devised
based on using surface energy gradients to drive the assembly process. The discovery
advances the application of the dewetting phenomenon to applications where size

uniformity is beneficial. The procedure also demonstrates the utility of sinking or sourcing
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material between surfaces with dissimilar surface energies, a result which provides a
mechanism by which surface energy gradients can be utilized for nanoscale patterning,

alloying or combinatorial synthesis.
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CHAPTER 6

MANIPULATING THE CHEMICAL COMPOSITION

6.1 Heterogeneous Nucleation Sites as Sacrificial Templates

A nanoscale assembly route has been devised where an adjacent surface acts as a
source and sink for material through a combination of sublimation and diffusion processes.
Palladium Foil was used both as a source and sink while Au nanostructures were used as
sacrificial templates. The route is dependent on Au nanostructures acting as heterogeneous
nucleation sites for adatoms which sublimate from the foil, land on the substrate and diffuse
along the surface until they impinge upon one of the nucleation sites. Au nanostructures
which act as sacrificial templates, promote the uptake of palladium adatoms from the foil
while being annihilated in the process, resulting in an organized array of highly faceted
structures of Pd. In doing so, the composition and shape of the arrayed structures can,
through the uptake of adatoms of Pd and the annihilation of the adatoms of Au, be
systematically varied while preserving the integrity of the array.

Figure 6.1 shows a schematic of the templated assembly process used to transform
a periodic array of Au templates into an array of Pd nanostructures. The process begins by
forming substrate-supported gold nanostructures either in periodic arrays or as a random
distribution. The arrays are fabricated by the process of dynamic templating®’ while the
nanostructures with random size and placement were formed by solid-state dewetting.*>%*
Once the structures are formed a palladium foil is placed overtop the structures and the

combination is heated to a temperature high enough to promote both Pd sublimation from

the foil to the substrate and also the evaporation of Au from the nanoparticles. The Au
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templates act as heterogeneous nucleation sites for the Pd atoms arriving to the substrate
surface. Over a period of time with the constant arrival of Pd atoms and the evaporation of
Au from the structures, the nanoparticle composition trends towards pure Pd. At the end of
the assembly process the Pd foil is removed to reveal a periodic array of highly faceted Pd

nanostructures situated at the positions formerly occupied by the sacrificial Au templates.

(a) Fabricate gold nanostructure (b} Place a palladium
array using dynamic templating foil cver the array

—_—

{c) Heat to temperatures promoting  (d) Remave foil o expose
sighificant palladium sublimaticn an array of palladium

=", | [ - - Py
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Figure 6.1. Schematic of the self-assembly process used to change the composition of Au

array to Pd.

6.2 Experimental Procedure

The assembly process was carried out using either [0001]-oriented ALOs3 (i.e. c-
plane sapphire) or [111]-oriented MgO substrates. The heating regimen used to form these
arrays involved twice heating the sample from room temperature to 1050 °C in 20 min in
a flowing argon ambient (65 sccm) followed by a 3 h cool down to room temperature. A
gold layer thickness of 10 nm yielded structures with a diameter of 230 nm. Palladium foil
was then placed over the arrayed structures and the combination was placed into an alumina
crucible and heated from room temperature to 1085 °C in 60 min where it was held for

time intervals ranging from 45 min to 10 h. Subsequent cooling to room temperature over
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a period of 3 h followed by foil removal reveals the complete loss of gold to the foil and
the existence of highly faceted palladium nanostructures at the exact positions previously

occupied by the gold structures.

6.3 Results

Figure 6.2 shows SEM images taken in secondary electron mode and the
corresponding EDS peaks for both the sacrificial gold templates and the assembled
palladium structures. The arrayed gold templates (Figure 6.2(a)) exhibit a near-
hemispherical morphology (dia. = 230 nm), but where weak faceting is observed. As
expected, the corresponding EDS spectrum shows peaks characteristic of gold. After
assembly, the palladium structures become highly faceted (Figure 6.2(b)) exhibiting facets
approaching that of the substrate-truncated Wulff shape expected for face centered cubic
(fce) crystal structures. The fact that the facets on adjacent structures are, for the most part,
parallel to each other confirms the existence of a predominant heteroepitaxial relationship
between the structures and the underlying crystalline substrate. The structures, which are
220 nm in diameter, show EDS peaks corresponding only to palladium, a clear indication
that gold is consumed during the assembly process. Assembly processes carried out for
shorter time intervals do, however, show residual levels of gold. Also noteworthy is that
palladium sublimation onto the sapphire surface for these long durations does not result in
the nucleation of nanostructures in the areas between the arrayed structures. Long duration
experiments were carried out to determine if the palladium structures (i) grow in size, (ii)
diminish in size or (iii) assume a size corresponding to a steady state condition. These

experiments revealed a slowly diminishing diameter that leaves the substrate bare after 6h.

48



These long time intervals allow for precise control over the size of the palladium
nanostructures realized in the assembly process. The smallest arrayed palladium

nanostructures produced have a diameter of 50 nm.

Sacrificial Au array Assembled Pd arra
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Figure 6.2. SEM images and the associated EDS spectra of (a) sacrificial gold templates
and (b) the highly faceted palladium structures. The insets to the SEM images show 65°
tilted- and top-view high resolution images of individual structures. The scale bar for the

insets is 100 nm.

0-20 X-ray diffraction (XRD) was used to confirm the gold to palladium
transformation and to determine the crystallographic orientation of the structures with
respect to the underlying substrate. The relatively small amount of material in the arrayed
structures required that these measurements be carried out on non-arrayed structures
produced over much larger areas. The so-formed structures appear identical to the arrayed
structures, but where there exists a substantial size distribution. The XRD data indicates

that the gold templates are [111]-oriented (Figure 6.3(a)), a result consistent with a
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heteroepitaxial relationship formed between the (0001)-plane of sapphire and the six-fold
symmetric (111)-plane of the fcc crystal structure of gold. Following the assembly process
there is no gold signature in the X-ray data (Figure 6.3(b)). Instead, two reflections appear
at the precise 20 values associated with [111]- and [200]-oriented palladium, but where the
[111]-orientation is dominant. The inset to Figure 6.3b shows a schematic of a [111]-
oriented palladium structure with facet assignments consistent with the substrate truncated

Wulff-shape.
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Figure 6.3. 6-20 XRD scans performed on (a) sacrificial gold templates and (b) the

palladium structures formed on [0001]-oriented sapphire.
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Based on the X-ray data and after comparing the faceting of palladium
nanostructures relative to the substrate alignment flat, the orientation relationships (ORs)
of Pd nanostructures relative to the substrate were determined. A single crystal of sapphire
(ALO3) with the c- and a- planes is shown in Figure 6.4a. The substrate used for the
experiment was c-plane sapphire oriented with a hexagonal top plane and in its as-received
form has the major flat along the a-plane (Figure 6.4b). The Pd structures were imaged
using SEM and they consistently showed similar faceting relative to the substrate flat. This
data along with the X-ray data was analyzed using the stereographic projection plot (i.e., a
Wulff net).%® This plot, shown in Figure 6.4c, represents the crystallographic directions of
the <100>, <111> and <211> planes of Pd and the <1120> planes of sapphire. In this
depiction the center corresponds to the crystallographic direction normal to the substrate
while the ones at the outer perimeter correspond to the in-plane directions; intermediate
values represent planes between these two extremes. Upon plotting the possible
crystallographic directions, two dominant crystallographic ORs emerge:

(i) (111)[2-1-1]Pd || (0001) [11-20] sapphire and

(i) (111) [-211] Pd || (0001) [11-20] sapphire
The two orientations differ in that one is rotated 60° clockwise or counter-clockwise
relative to the other. This result is possible due to the difference in their stacking sequences,
where one has an ABC stacking sequence along the [111]-direction while the other exhibits
an ACB sequence. This difference leads to the conclusion that the second stacking layer
formed is not controlled by the sapphire substrate. Heterogeneous nucleation takes place

with the result that independent growth occurs giving rise to both orientations.
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Figure 6.4. (a) Schematic showing the c- and a-plane of the sapphire (Al.O3) crystal. (b)
As-received sapphire substrate with major flat along the a-plane. (c) Stereographic
projection showing the crystallographic directions of Pd and sapphire where they are
aligned according to the first case. The red, green and blue points indicate the <111>,

<100> and <211> planes of Pd, while the lines indicate the direction of the sapphire planes.

Individual gold and palladium structures were characterized using transmission
electron microscopy (TEM). For these studies, samples were prepared on [111]-oriented
MgO substrates instead of sapphire through the thermal dewetting of thin gold films.®* The
[111]-oriented palladium nanostructures prepared on MgO appear identical to those on
sapphire in terms of morphology, composition and crystal structure. There, however, exists
a significant number of structures with [100] - and [110]-orientations due to the large lattice
mismatch (8%). The structures were prepared on MgO in order to facilitate their removal

from the substrate. The removal process took advantage of the fact that dilute hydrochloric
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acid (0.5%) selectively etches the substrate. Once the etchant undercuts the structures they
were readily removed and collected on a TEM grid. TEM images and their corresponding
selected area electron diffraction (SAED) patterns are shown in Figure 6.5 for a gold
template and for palladium structures imaged along various zone axes. As expected the
gold templates show weak faceting (Figure 6.5a). The palladium structures exhibit single
crystal SAED patterns with strong faceting. For all three cases the imaged faceting
corresponds to a projection of the Wulff shape oriented along the same zone axis as is
shown schematically in Figures 6.5 (b-d).

Au [111] Pd [111] Pd [110] Pd [100]

[110] [100]

Figure 6.5. TEM images and the corresponding SAED pattern of (a) a sacrificial gold
template formed on [111]-oriented MgO and assembled palladium structures imaged along
the (b) [111], (c) [110] and (d) [100] zone axes. Overlaid on each palladium image is a

schematic of the projection of the Wulff shape of the same orientation.
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6.4 Discussion

This initial investigation demonstrates the utility of using substrate-based sacrificial
templates to define site-specific locations where the assembly of highly faceted and
heteroepitaxially aligned single-crystal palladium nanostructures is promoted. The devised
route is straightforward in that sacrificial templates are merely exposed to a palladium foil
which, at the processing temperatures used, acts as both a source and a sink for atoms
involved in the assembly process. Palladium foils are more prone to interdiffusion due to
complete miscibility with gold®® and a vapor pressure large enough to support the limited
transfer of atoms directly to the substrate surface.®® Insights into the mechanisms guiding
this process are most readily obtained by first examining the experimental outcomes when

key elements of the assembly process are absent.

6.4.1 Absence of Nucleation Sites

In the first scenario, the gold templates are removed from the assembly process,
resulting in a bare sapphire substrate being exposed to palladium foil. Under identical
experimental conditions as the devised assembly process, no palladium nanostructures are
formed on the sapphire substrate despite the fact that palladium is slowly sublimating onto
its surface. This is due to the fact that the palladium adatoms diffusing along the substrate
are insufficient in number to nucleate stable clusters. Adatoms travelling along the surface
will eventually acquire the thermal activation energy required to leave the surface and

return to the foil. The system is, thus, characterized by a steady state condition as shown in
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the schematic (Figure 6.6) where palladium atoms are travelling back and forth between
the foil and substrate, but where no nanostructures of significance are formed. It is,
however, noted that Ma et al.®® have demonstrated that nanostructure formation becomes
viable at significantly higher temperatures where the palladium flux arriving to the

substrate is much greater.

Figure 6.6. Schematic showing the assembly process when the palladium foil is placed on
a blank substrate without Au templates. Note that in this scenario the substrate remains

bare at the end of the assembly process

6.4.2 Absence of Foil

In the second scenario, gold templates are heated to the assembly temperature in
the absence of palladium foil. As the templates are heated they begin to lose material, first
through sublimation and then via evaporation once the gold melting point (T = 1064 °C)
has been exceeded. Eventually all the template material leaves the surface and is carried
away by the flowing argon gas or deposited on the sidewalls of the quartz reaction tube
(Figure 6.7). It should be noted that the rate at which template material is lost is dependent
on such factors as the temperature, the size and curvature of the nanostructure (i.e. the

Gibbs-Thomson effect) and the argon gas pressure.®’
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Figure 6.7. Schematic showing the assembly process when gold template structures are
formed on the surface and then heated to the assembly temperature.in the absence of a

palladium foil. Note that the substrate remains bare at the end of the assembly process.

With both of these scenarios giving rise to bare substrates, it is apparent that the
viability of the devised assembly process is dependent upon an interplay between the

palladium adatoms arriving from the foil and the rapidly evaporating gold templates.

6.4.3 Presence of both Au Nucleation Sites and Pd Foil

At the assembly temperature the bulk vapor pressure of gold is approximately three
times that of palladium. The molten gold droplet, although rapidly diminishing in size, is
impinged by palladium adatoms both directly and via surface diffusion. The droplet not
only provides a high surface energy nucleation site to the palladium, but also offers
complete miscibility, a property which further ensures palladium uptake into the structure.
As the palladium concentration increases the structure progresses from the liquid to solid
phase fields of the binary phase diagram. At the assembly temperature, the solidus for the

bulk material is intercepted at a palladium concentration of 12 at. %. The second stage of
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the assembly process sees the palladium concentration in the structure continue to increase.
The significant vapor pressure for both gold and palladium will inevitably result in their
sublimation from the structure, but where palladium is continuously replenished by the
constant arrival of new adatoms. Gold atoms leaving the structure, on the other hand, are
unlikely to return. If they land on the palladium foil they can diffuse into its surface either
via vacancy diffusion or along grain boundaries. Even if the gold does return to the
substrate its lifetime on the surface is considerably lower than palladium due to its higher
vapor pressure, lowering the likelihood that it will encounter an arrayed structure. With the
gold content in the structure being exhausted and the palladium supply essentially
inexhaustible, the structure, as a function of time, trends toward pure palladium (Figure
6.8). The overall assembly process can, thus, be characterized as one where gold templates
act as heterogeneous nucleation sites, but where they are subsequently consumed through

evaporative and sublimative processes.

" o & ®

Figure 6.8. Schematic showing the assembly process in the presence of both Pd foil and
Au sacrificial templates. Note that in this scenario the initial Au templates are transformed

into Pd nanostructures at the end of the assembly process

While the shape and crystallographic control of substrate-based palladium

nanostructures have been demonstrated previously,?¢ the devised templated assembly route
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offers further opportunities in terms of defining such structures in periodic arrays with a
high degree of size uniformity. Such a capability provides the potential for advancing
applications based on the unique hydrogen storage,®® plasmonic® and catalytic properties
of palladium.”® Sensing applications reliant on an altered plasmonic response due to
hydrogen uptake have shown impressive sensitivity.”!’? Large area arrays of identical
nanostructures also provide an excellent platform for obtaining a quantitative assessment
of the facet dependent nature of the catalytic activity and selectivity of nanostructures.'
These palladium structures could also act as nucleation sites for the formation of horizontal

66,73,74

and vertically aligned palladium nanowires, arrayed seeds for the vapor-liquid-solid

75,76,77

growth of nanowires or templates for substrate-based galvanic replacement

reactions.’®

6.5 Conclusion

To summarize, a templated assembly route yielding periodic arrays of highly
faceted single crystal palladium structures from sacrificial gold templates has been devised.
The high temperature processing route sees the continuous arrival of palladium atoms to
the substrate surface, but where structure formation is energetically favorable only at the
heterogeneous nucleation sites temporarily provided by sacrificial gold templates. The
arrayed nature and narrow size distribution of the assembled structures provide an excellent
platform for advancing applications and assembly processes reliant on the unique

properties of palladium.
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CHAPTER 7
FORMATION OF INTEGRATED NANOHETEROSTRUCTURES AND

HOLLOW PLASMONIC NANOCRESCENTS

7.1 Integrated Nanoheterostructures and Hollowed Nanocrescents

A new growth pathway was devised through the use of templates that are not
sacrificed in the assembly process. In this scenario, the template materials first act as
heterogeneous nucleation sites, but then evolve to form alloys with the material being
sourced from the adjacent surface. The route explores the possibility of forming substrate-
based heterodimers by transforming heterogeneous nucleation sites into eutectic liquids
which, upon cooling, phase separate into their immiscible solid elemental components. The
feasibility of this synthetic pathway is demonstrated through the formation of Au-Ge and
Ag-Ge heterodimer arrays and, by subsequently etching away the Ge component, the
ability to transform these structures into hollowed noble metal nanocrescents.

Figure 7.1 depicts a schematic illustrating the key aspects of the assembly process
used to obtain Au-Ge heterodimers and hollowed Au nanocrescents. The Au-Ge
combination is ideal for heterodimer fabrication due to their near-complete immiscibility
in the solid state,?” a binary phase diagram with a deep eutectic*® (Tg = 361 °C) and a
sizeable Ge vapor pressure below its melting point (Tm = 938 °C).” The process begins
with the formation of substrate-immobilized Au nanostructures able to act as
heterogeneous nucleation sites for Ge adatoms. A crystalline Ge substrate is then placed
over the Au templates, but where direct contact between Au and Ge is forbidden due to a

natural gap existing between substrates. This gap originates from the contact between two
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roughened substrate edges in the process of cleaving smaller substrates from larger wafers.
This sandwich structure is then heated to a temperature that is high enough to promote Ge
sublimation, but low enough to inhibit significant sublimation of Au. Ge atoms
encountering the Au nanostructure, either through direct impingement or via substrate
surface diffusion, will show a strong tendency to remain at the Au nucleation site due to its
high surface energy. In time, enough Ge will locally collect in quantities sufficient for the
Au-Ge combination to exit the solid phase field of the binary phase diagram and enter the
liquid phase field, a process that will continue until the entire structure is transformed into
an AuGe liquid alloy. Continued uptake of Ge into the alloy is expected to proceed until
the point of supersaturation, or earlier, if the process is terminated by lowering the substrate
temperature. In either scenario, cooling the structure results in phase segregation due to the
immiscibility of Au and Ge in the solid state, but where an Au-Ge interface is preserved
because it lowers the overall surface energy. At this point, the structure exists as a
heterodimer. For the case where the Ge content in the heterodimer far exceeds that of Au,
the precipitated Au forms a partial shell around Ge. Etching the Ge component leaves

behind a hollowed Au nanocrescent immobilized on the substrate.
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Figure 7.1. Schematic of the assembly route used to form Au-Ge heterodimers or hollowed

Au nanocrescents.

7.2 Experimental Procedure

Au and Ag heterogeneous nucleation sites were formed on (0001)-oriented Al,O3
substrates (MTI) or Si3N4 support films (EMS) as both periodic arrays and as structures
with randomized size and position. Periodic arrays were fabricated using the process of
dynamic templating®’ and the structures with a randomized size and placement were
formed through solid state dewetting.®* Undoped (100)-oriented Ge substrate (MTI) with
approximate dimensions of 7 X 7 x 0.5 mm was placed overtop the sapphire substrate on
which the nucleation sites were assembled. The combination was then placed in an alumina
crucible and inserted into a tube furnace with a flowing argon ambient (65 sccm). The
heterodimer assembly process was then carried out using a heating regimen which saw the
temperature raised to 800 °C in 15 min, held there for time intervals ranging from 0 to 6
hours, and then cooled to room temperature over the course of 2 hours. Au-Ge heterodimers
assembled on TEM grids with SizN4 support films underwent the same procedure except
that the process temperature was lowered to 700 °C to compensate for the fragility of the
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support film. Ag-Ge heterodimers were assembled in a similar manner except for the use
of a lower process temperature (750 °C) and shorter assembly times (1 hour). These
changes were implemented as countermeasures to the significant Ag vapor pressure at the
assembly temperature.®® The Au-Ge and Ag-Ge assembly processes were carried out in
dedicated quartz tubes.

Hollowed Au nanocrescents were fabricated by exposing Au-Ge heterodimers to
an aqueous solution of hydrogen peroxide (29-32% H»O,, Alfa Aesar) at 70 °C for 10
min.®® The etchant selectively attacks the Ge component, leaving behind hollowed
nanocrescents of Au on the substrate. Ag nanocrescents were made in a similar manner,
except that H,O, was not used because it is an oxidative etchant of Ag.3! The Ge was
instead removed with 500 nM aqueous HAuCls at 100 °C.%? The reaction left no measurable

quantities of Au on the Ag nanocrescent or substrate.

7.3 Au-Ge Heterodimers and Hollowed Au Nanocrescents

SEM images of the initial Au nucleation sites and the resulting Au-Ge heterodimers
for both the arrayed and random configurations are shown in Figure 7.2. The arrayed Au
structures (Figure 7.2a), which were imaged in secondary electron mode, appear as
substrate-truncated spheres (dia. = 260 nm), but where weak faceting is observed. The
truncation originates from surface energy considerations as defined by Young’s equation.
The faceting is consistent with a substrate-truncated Wulff shape, the expected equilibrium
shape for fce crystal structures.*® The inset to Figure 7.2a clearly shows the hexagonal top-
facet expected for a [111]-oriented structure. Such faceting is anticipated since the six-fold

symmetric (111)-plane of Au forms a heteroepitaxial relationship with the hexagonal
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(0001)-plane of sapphire. The random configuration (Figure 7.2d), derived from the high
temperature agglomeration of an 18 nm thick Au film, shows nanostructures with the same
shape, but where the range of diameters extends from 45 to 140 nm.

Figure 7.2b-c shows top- and tilted-view SEM images of Au arrays exposed to Ge
for 6 hours at 800 °C and cooled. The images were taken in backscatter mode to take
advantage of the large Z-contrast between Au (Z = 79) and Ge (Z = 32). They indicate that
the Au structures do, indeed, act as heterogeneous nucleation sites for Ge, showing the
bright and dark contrast expected for Au- and Ge-rich regions, respectively. Noteworthy,
is that Ge 1s only found at the nucleation sites, showing no deposition elsewhere on the
substrate. The structures no longer exhibit the spherical shape of the initial Au nucleation
site, but instead show a somewhat flattened oval morphology with typical dimensions of
I x w x h=550 x 470 x 370 nm. The volume of the structure has, therefore, increased
nearly 8-fold over the initial nucleation site, a value corresponding to a heterodimer Au
content of only 12.5%. With a third of the heterodimer typically showing the bright contrast
expected for Au, it was concluded that a portion of the Ge structure must lie under the Au,
a conclusion that was later verified by etching away the Ge component. The overall
structure, therefore, has an acorn-like morphology, where a thin Au cap encapsulates the
underlying Ge. In this configuration the structure becomes semishell-like®® in that a partial
plasmonic shell forms over a dielectric core.

Randomly positioned Au templates with a wide size distribution were exposed to
Ge at 800 °C for 2 hours and cooled. Backscatter mode SEM images reveal that all of the
structures, regardless of size, act as nucleation sites for the uptake of Ge (Figure 7.2¢).

While most of the structures appear as heterodimers, there is a small percentage of Ge-Au-
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Ge and Au-Ge-Au trimers which are denoted on the SEM image using yellow and red
arrows, respectively. Unlike the arrayed heterodimers, where the phase separation was
consistently in a side-by-side configuration on the substrate surface, the phase separation
in these non-arrayed structures occasionally proceeds through the precipitation of Au to
the top of the structure. Noteworthy, is that phase separation into side-by-side heterodimers

is more probable for smaller structures.
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Assembled Au templates MNucleated Au-Ge heterodimers

Figure 7.2. SEM images of (a) the arrayed Au structures (b) Au-Ge heterodimers imaged
from a top-view and (c¢) 65° tilted-view. (d) Au nucleation sites with randomized size and

placement and (e) the heterodimers assembled from them. The scale bars for all insets is

100 nm.
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0-20 XRD measurements were performed on Au nanostructures formed through
the thermal dewetting of an 18 nm thick film and the same structures after they were
exposed to Ge at 800 °C for 2h. The measurements performed before and after Ge
incorporation are shown in Figure 7.3 where the curves have been offset for clarity. The
Au nanostructures (red curve) were predominantly oriented with the [111]-direction
normal to substrate. After heterodimer formation (black curve) the intensity of the (111)
reflection dropped by more than two orders of magnitude. With 6-20 XRD measurements
only being sensitive to periodicities perpendicular to the substrate, this drop indicates that

Au epitaxy with the sapphire substrate is lost in the heterodimer assembly process.
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Figure 7.3. 6-20 XRD measurements of the Au nanostructures (red curve) and Au-Ge

heterostructures (black curve).

Elemental mapping was carried out in the TEM by fabricating the heterostructures
directly on grids with Si3N4 support films. Au nanostructures were first fabricated directly
on the support films and the grid was then placed face down on a Ge substrate and the

assembly process was carried out at 700 °C for 2 hours. The shorter duration and lower
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process temperature was chosen to compensate for the fragility of the support film.
Characterization on the assembled structures, carried out using TEM imaging and energy
dispersive x-ray spectroscopy (EDS), is shown in Figure 7.4. Plan view TEM images reveal
Au-Ge heterodimer formation, where the formed structures show a slight elongation (I =
272 nm, w = 240 nm). EDS spectra, line scans and elemental mapping all confirm that the
regions of light and dark contrast are predominantly Ge and Au, respectively, but where
there exists significant overlap between the Au and Ge domains. EDS measurements
indicate that the imaged structure has an overall composition of Auo36-Geo.c4 where the Au
domain shows 9.6 at.% Ge and the Ge domain shows 5.7 at.% Au. Such quantities can be
due to a geometrical overlap of the Au and Ge domains, solute trapping or Au-Ge alloying

as has been previously reported for related synthesis routes. 34>

67



{b)1 50

w100
= /‘58\.
= 50
S
09

Dlstan ce { nm]

—

Intensity (a.u.) &

—

@

L

Intensity (a.u.)

10 15 20 25 3.0 1.0 15 20 3.0
Energy (keV) Energy (keV)

Figure 7.4. (a) TEM plan view image of a Au-Ge heterodimer and the associated (b) EDS
line scan, (¢) elemental maps, (d) EDS spectrum for the Au domain and (e) EDS spectrum
for the Ge domain.

In an effort to resolve this ambiguity, both sapphire- and Si3N4-based heterodimers
were exposed to an aqueous solution of hydrogen peroxide able to dissolve Ge®® while
leaving the Au component unscathed. The results, shown in Figure 7.5, not only reveal a
near-complete Au-Ge phase separation in the heterodimers, but also the formation of a
unique plasmonic nanostructure with a hollowed nanocrescent morphology. Figure 7.5a
shows an SEM image of the so-formed Au nanocrescent array, where the insets reveal that
the individual structures have rough edges, but where the inner wall appears smooth. The
hollowed nature of the structures confirms that the heterodimer is comprised of a large Ge
domain with one end encapsulated by an Au shell. The structure formed on Si3N4 (Figure

7.5b, inset) also shows hollowing, but to a lesser extent. In both cases, EDS measurements
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show only an Au signature, ruling out the possibility of significant Au-Ge alloying within
the heterodimer. Smaller structures, observed at the base of the nanocrescents in the sites
formerly occupied by Ge, are likely the remnants of Au solute trapping. The substrate also

appears somewhat scarred in these regions, suggesting that the AuGe eutectic liquid weakly

attacks the sapphire surface.
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Figure 7.5. (a) SEM image of a Au nanocrescent array formed on sapphire with insets
showing high resolution 65° tilted-view images of a single structure from two perspectives
(scale bar = 100 nm). (b) An EDS spectrum of a heterodimer structure after the Ge domain

was etched away.
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7.4 Ag-Ge Heterodimers and Hollowed Ag Nanocrescents

In an effort to demonstrate the applicability of this growth pathway to other eutectic
combinations, Ag-Ge heterodimers were assembled using Ag nanostructures as
heterogeneous nucleation sites. It is, however, noted that this binary system has synthetic
challenges arising from a significant Ag vapor pressure at the assembly temperature. In
order to partially offset the loss of Ag through sublimation, heterodimer assembly was
carried out at a lower temperature (750 °C) for a shorter duration (1 hour). Nevertheless,
the process temperature is still well above the Ag-Ge eutectic temperature (Tg = 651 °C).
Figure 7.6 summarizes the morphological and compositional characterization carried out
on the so-formed Ag-Ge heterodimers and the corresponding Ag nanocrescents. The
heterodimers formed in periodic arrays (Figure 7.6a) share many similarities with the Au-
Ge system, but differ in that the Ge domain is smaller and there exists a height discontinuity
along the heterodimer surface where the two domains meet. While the shorter assembly
time is likely a contributing factor to the reduced uptake of Ge by Ag, a comparison of the
Au-Ge and Ag-Ge binary phase diagrams predicts this behavior. Ge saturation is predicted
to occur in the AgGe liquid alloy at 40 at.% Ge for the processing temperature used, while
the equivalent value for the AuGe liquid alloy is 70 at.%.*

Ag-Ge heterodimers formed in the random configuration (Figure 7.6d) also express
these same differences, but differ from Au-Ge heterodimers in that they consistently form
in the side-by-side configuration, exhibit substantial faceting and show no tendency toward
the formation of trimer structures. When compared to their Au counterpart, Ag
nanocrescents, formed by etching away the Ge domain show less hollowing, thicker walls,

sharper crescent points and a higher degree of shape uniformity between adjacent
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structures. The red arrow in the TEM plan view image denotes an arc-shaped feature
associated with Ge that is lying below the Ag shell. EDS elemental analysis performed on
Ag-Ge heterodimers prepared on Si3N4 support films confirms phase separation between
the two components, but where line-scans and elemental color maps, once again, show a
region of elemental overlap. Once the Ge component is etched away, however, only the Ag

signature remains, a result which also rules out significant alloying in Ag-Ge heterodimers.
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Figure 7.6. SEM images of (a) arrayed Ag-Ge heterodimers, (b) arrayed Ag nanocrescents
imaged in top-view and (c) 65° tilted-view and (d) Ag-Ge heterodimers in the random
configuration. (¢) TEM plan view image of a Ag-Ge heterodimer and the associated EDS
line scan, elemental maps and EDS spectra for both the Ag and Ge domains. The scale bars

for all insets 1s 100 nm.

72



7.5 Optical Characterization

Optical characterization was carried out for samples derived from Au nucleation
sites exposed to Ge at 800 °C for various time intervals (0, 2.5 and 6 hours). The objective
was to systematically vary the Ge content in order to obtain tunable optical properties based
on the plasmonic properties of the Au domain. Ge is interesting from this standpoint since
it exposes the Au domain to a highly asymmetric dielectric environment in a spectral range
where the permittivity is large and highly variable (12 < g1 < 33, 3 < & < 24).%6 The
experiments were carried out on structures formed in the random configuration in order to
obtain the relatively large areas required for this characterization technique. The
measurements were taken with unpolarized light having a propagation direction (k) and E-
fields which are perpendicular and parallel to the substrate, respectively. Figure 7.7 shows
the experimental extinction spectra for the three samples as they progress through an
assembly process which sees them transformed from Au nanostructures to Au-Ge
heterodimers and then to hollowed Au nanocrescents. For all cases, the initial Au
nanostructures have a localized surface plasmon resonance peak (LSPR) centered near 540
nm. Surprising was that the response of the Au-Ge heterodimers seemed relatively
insensitive to the amount of Ge incorporated into the structure, in all cases showing a
broadened LSPR peak at approximately the same wavelength as the initial Au
nanostructure. There is, however, a systematic rise in the extinction efficiency at low
wavelengths as the Ge content within the heterodimer is increased. The rise is attributable
to the onset of strong direct interband transitions in Ge in this spectral range.?’ In contrast,
the hollowed Au nanocrescents derived from these same heterodimers show a substantial

red-shift (540 to 631 nm), where the degree of the shift is dependent on the amount of Ge
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incorporated into the heterodimer prior to etching it away. The underlying implication of
these results is that the LSPR peak of the standalone Au nanocrescent structure blue-shifts

when placed in direct contact with the Ge domain.

(a) 0h (b) 25h (c) 6h

Extinction (a.u.)
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Figure 7.7. Spectra showing the evolution of the extinction efficiency as Au heterogeneous

nucleation sites (yellow) are transformed first to Au-Ge heterodimers (green) and then into

hollowed Au nanocrescents (red) for samples exposed to Ge for (a) 0, (b) 2.5 and (c) 6

hours.

The apparent blue-shift caused by the Ge domain is in contradiction to numerous
theoretical and experimental studies which consistently show that the immersion of
plasmonic materials into dielectric mediums lead to red-shifts.>*%% Asymmetric dielectric
environments, such as those present when a plasmonic nanostructure is resting on a

substrate, also give rise to red-shifts.”*?!%2 It is,

however, noted that none of these studies
have examined the influence of dielectrics with permittivities as high as those exhibited by

Ge. Nevertheless, it is recognized that plasmonic shells with high permittivity cores have

the potential to exhibit exotic behaviors.®® In an effort to rationalize the observed spectra,
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a collaborative project was carried out where the extinction efficiency was theoretically
simulated using the discrete dipole approximation (DDA).”> The calculations were
performed using DDSCAT (Version 7.3)°* where the simulated structures were first
created using LAMMPS.” The simulations were carried out for unpolarized light incident
on: (1) the initial Au nanoparticle, (i1) a hollowed nanocrescent with the same volume as
the initial Au nanoparticle and (iii) an identical nanocrescent brought into contact with a
Ge domain (i.e. an Au-Ge heterodimer). The results, shown in Figure 7.8, do, indeed,
predict the observed experimental behavior in terms of the relative LSPR peak positions

for the three structures under investigation.

fad
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Figure 7.8. The DDA simulations of the extinction efficiency for Au heterogeneous
nucleation sites (yellow), Au-Ge heterodimers (green) and hollowed Au nanocrescents
(red).

To obtain further insight into this behavior, additional simulations were carried out
which systematically varied the index of refraction of the dielectric domain fromn =1 to
4 for the heterodimer structure for polarizations parallel (Ex) and perpendicular (Ey) to the

long axes of the heterodimer. The results of the simulation are shown in Figure 7.9. A
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substrate was not included in these calculations in order to simplify the system under study.
The results indicate that the observed blue-shift of the Au-Ge heterostructure relative to the
Au nanocrescent is largely attributable to the extinction associated with the Ex polarization
(Figure 7.9a). They indicate that the dielectric medium results in peak splitting where both
resonant modes red-shift as the value of n is increased, a result consistent with other
asymmetric structures which show both dipolar and quadrupolar resonant modes.* The
peak splitting, however, is to such an extent that the low wavelength mode is blue-shifted
relative to the standalone nanocrescent structure (i.e. when n=1). This mode also
strengthens as n is increased. In contrast, the high wavelength mode broadens and weakens.
Similarly, the Ey polarization shows a weakening of the resonant mode as it is red-shifted
to frequencies outside the measured spectral range (Figure 7.9b). Taken together, these
results indicate that the observed blue-shift originates from a combination of the large peak
splitting occurring when Au is adjacent to a highly polarizable medium and a lessening of
the extinction efficiency of the high wavelength modes. With most group IV, III-V and II-
VI semiconductors also showing high permittivities there is the potential for numerous
systems to exhibit similar optical behavior if incorporated into heterodimer structures. It is
noted that Liang et al.?® reported a blue-shift in the LSPR peak when an Ag tipped Au
nanorod was overgrown with CdSe. While the authors attributed this shift to a shape-
change in the plasmonic structure, effects similar to those observed here for the Au-Ge

heterodimer could be a contributing factor.
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Figure 7.9. DDA simulations of the extinction efficiency of heterodimer structures as the
index of refraction of the dielectric medium is varied from 1 to 4 for the (a) Ex and (b) Ey

polarizations.

Figure 7.10 shows the measured optical response of the Ag-Ge system, which
shows similarities with Au-Ge where the resonant peak of the Au-Ge heterodimer is blue-
shifted relative to that of the standalone Ag nanocrescent structures. The reasons could
once again be attributed to the presence of a highly asymmetric dielectric environment

presented by Ge in the vicinity of Ag.
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Figure 7.10. Experimental extinction efficiency of Ag-Ge heterodimers and the Ag

nanocrescents formed by etching away the Ge domain.

77



7.6 Discussion

The overall heterodimer assembly process can be characterized as one where
adatoms collect at heterogeneous nucleation sites, chemically transform the sites to liquid
alloy droplets which then, upon cooling, phase separate into immiscible elemental
components sharing a common interface. While only Au-Ge and Ag-Ge heterodimer
formation have, thus far, been demonstrated, the assembly route should be applicable to a
number of material systems. Its viability, however, is dependent upon the binary elemental
system meeting a number of important criteria. The element forming nucleation sites must
have a vapor pressure that is low enough to ensure its resistance to sublimation/evaporation
over the duration of the assembly process. The element arriving at the nucleation site, either
through adatom surface diffusion or direct impingement, must have a vapor pressure low
enough to ensure a significant lifetime on the substrate surface, but high enough to inhibit
the spontaneous formation of stable clusters elsewhere on the substrate. The two elements
must be immiscible in the solid state, but miscible in the liquid state as is often the case for
binary systems exhibiting deep eutectics. It is, however, noted that partially miscible
systems could also result in heterodimer formation, but where at least one domain would
take on an alloy composition. Upon arrival at the nucleation site, adatoms must collect in
sufficient numbers for, at least, a portion of the structure to enter the liquid field of the
binary phase diagram. Adatom uptake must then continue until the entire nucleation site
becomes liquid. Upon cooling, the kinetics associated with solidification and phase
separation must be rapid enough to allow the saturated component to precipitate efficiently

from the liquid as a single domain. While the role of the sapphire substrate is not adequately
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elucidated by this initial study, the fact that Au-Ge phase separation consistently occurs in
a side-by-side manner demonstrates its influence. /n situ TEM has, in fact, been used to
monitor the sideways nucleation of both Si’”*7 and Ge”® from supersaturated liquid alloys
resting on either SiOx or SiNy membranes. Similar structures formed on (111) Ge substrates
are, however, observed to exhibit up-down directionality.’” Together, these results suggest
that substrate influences could provide an avenue for asserting control over the segregation
direction.

For the demonstrated assembly route the Au (or Ag) nucleation sites were confined
between a Ge crystal and the sapphire substrate upon which they were initially assembled.
While it is certainly possible to form heterodimers by sourcing the Ge through more
conventional approaches, such as physical or chemical vapor deposition, it should be noted
that the experimental configuration used demands that the Ge crystal, the Au nucleation
sites and the substrate all be at the same temperature. The repercussions of this constraint
become apparent when the assembly process is carried out for long durations. If, in this
scenario, the Ge content in the liquid alloy reaches levels sufficient for it to precipitate from
a supersaturated liquid, then the solid Ge is subjected to a temperature which is high enough
to cause it to sublime. This slows the overall uptake of Ge, allowing for better control over
the assembly process. It also negates the possibility of extruding significant quantities of
solid Ge as is the case for nanowire extrusion via a VLS growth mode. This key difference,
hence, distinguishes this growth pathway from the case where Au-Ge heterodimers are
derived from a VLS growth mode which is arrested at an early stage.?”#+9%%9
The final cooling stage of the assembly process is crucial in determining both the

morphology of the heterodimers as well as that of the hollowed noble metal nanocrescents

79



formed by etching away the Ge component. When a molten Ge-rich alloy is cooled, solid
Ge is precipitated from the melt as the remaining liquid becomes increasingly rich in the
noble metal component. The process culminates in complete phase separation where the
shape of the heterodimer interface is decided by surface energy considerations. The fact
that the noble metal component forms a crescent-like encapsulation around one end of the
Ge domain is consistent with it wetting the surface of Ge. The literature describing the
wetting behavior of the Au-Ge and Ag-Ge systems indicates that it is complex and
sometimes controversial. It is, however, noted that both Au and Ag have been shown to
wet the surface of Ge. Noteworthy results include the formation of ultra-smooth Ag films

on oxide surfaces using a Ge wetting layer!?%!0!

and a dewetting-to-wetting transition
observed for the Au-Ge system as the temperature is lowered below 393 °C.!%?

When complete, the assembly process has brought together two dissimilar materials
to form a single nanostructure. This places these structures in a class of hybrid materials
where a coupled response provides for functionalities of relevance to catalytic, sensor,
biomedical and light harvesting applications.!-!> For the case where the Ge content
greatly exceeds that of the noble metal the assembly process gives rise to semishell-like
structures in that a plasmonic shell partially encloses a dielectric core. Semishells, which

are candidate materials for plasmonic, metamaterial and sensing applications,?*106:197

are
typically formed using low permittivity dielectrics. The strong blue-shift of the LSPR peak
induced by Ge in the Au-Ge heterodimer, however, demonstrates that unique properties
are accessible from such structures when utilizing high permittivity dielectrics. Once the

Ge core is etched away, the remaining structure takes on a morphology which shares

commonalities with other nanocrescent morphologies where asymmetries, sharp corners
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and high surface areas induce properties of specific importance to metamaterials and
surface enhanced Raman scattering (SERS).!%*!!! Together, these possibilities provide
motivation to further investigate the properties of nanostructures derived from eutectic

combinations.

7.7 Conclusion

The current study underscores the utility of combining immiscible elements with
prominent eutectics into nanoscale assembly routes. Derived were uniquely shaped
heterodimers which expose a crescent-shaped plasmonic component to an unusual
dielectric environment characterized by high asymmetries and a large permittivity. It also,
through the selective etching of the dielectric component, yielded hollow noble metal
nanocrescents with a LSPR peak dependent upon the amount of Ge contained in the
heterodimer prior to removal. The uniqueness of these structures, in combination with the
ease and versatility of this assembly route, provides the impetus to further define the
properties of the nanostructures produced and adapt the process to other important eutectic

combinations.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

In this dissertation, a new pathway for controlling the thermal dewetting process
and, thereby, manipulating the size, placement, shape and composition of preformed
substrate-supported templates is described. It utilizes templates which are confined by an
adjacent surface which can act as both a source and sink for atoms. Three different
modalities were demonstrated which altered the characteristics of the template structures
by: (i) subtracting atoms from the templates, (ii) adding atoms to the template or
(111) simultaneously adding and subtracting atoms. The templates were metallic
nanostructures which can be coupled with other plasmonic, magnetic and semiconductor
materials and, thereby, engineer new functional nanomaterials with numerous potential
applications in a diverse number of areas. The technique designed is not only cost-effective

and easy to use, but is also simple, versatile and requires only minimal instrumentation.

8.2 Future Work
The range of potential applications that are impacted by this work are immense and
projects should be undertaken to expand the mechanistic understanding to both the systems
studied as well as future systems. Studies which are suggested for the future include:
e The general pathway and approach could be extended to form substrate-supported
nanowires growing off preformed templates via the vapor-liquid-solid growth mode.

The growth of palladium nanostructures by the annihilation of sacrificial templates of
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gold could be modified to grow periodic arrays of palladium nanowires. This could be
achieved by increasing the atomic flux of palladium and using seeds which are not
annihilated in the process.

The process could also extended to form eutectic combinations of structures which
phase separate to form heterostructures where one component is amenable to hollowing
via the galvanic replacement process. This provides an avenue to form heterostructures
comprised of a solid particle in contact with a semi-shell. Such structures could have
unique plasmonic properties.

The pathway could also be extended by assembling structures which consistently form
in trimer configurations on the substrate surface, where, etching the center leads to the
formation of two semishell structures adjacent to each other. The unique plasmonic
properties of these structures could be explored.

A mechanistic understanding of the diffusion processes could be obtained using
simulations based on Molecular Dynamics.

In this work, the plasmonic response of structures was only determined for
nanoparticles with a range of sizes and interparticle spacings since the arrayed
structures could only be formed over small areas. This precludes the ability to monitor
the plasmonic response of a large ensemble of nanoparticles with similar size,
orientation and interparticle spacing. Efforts should be made to advance the capabilities
of dynamic templating to allow arrays to be fabricated over a large area. Such a
capability would allow for such optical studies to be carried out.

The possibility also exists of using a microspectrometer to analyze the plasmonic

response of individual nanostructures.
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