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Plasmonic Nanospectroscopy of Individual Nanoparticles
Studies of Metal-Hydrogen Interactions and Catalysis
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Abstract

Localized surface plasmon resonance (LSPR) is the phenomenon of
collective oscillation of conduction electrons in metal nanoparticles
smaller than the wavelength of light used for the excitation. Plasmonic
metal nanoparticles are able to confine light to extremely small volumes
around them, i.e. below the diffraction limit. This gives rise to strongly
localized and enhanced electromagnetic fields in so-called “hot spots” of
the plasmonic nanoparticle. These hot spots are advantageous for sensing,
as well as enhancing surface processes, since any object inserted in the hot
spot will influence the optical resonance of the system via coupling to the
local field. Placing a well-defined nanoobject in the hot spot of a
plasmonic nanoantenna offers, thus, unique possibilities to obtain detailed
information about the role of specific features (e.g. facets, size, shape or
relative abundance of low-coordinated sites) of that particle for its
functionality/activity at the single particle level. Consequently, there is an
increasing interest to use plasmonic antennas as an in situ tool to
investigate physical/chemical processes in/on single functional
nanomaterials. Single particle measurements are possible with the use of
dark-field scattering spectroscopy, since plasmonic nanoparticles
efficiently scatter light and are easily observable in the dark-field
microscope. In this context, this work was dedicated to: i) Development of
fabrication methods for making plasmonic nanoantenna structures with
the possibility to place a nanoparticle of interest (e.g. a hydride former or
a catalyst) in the hot spot of the antenna, as well as fabrication methods
for accommodation of protecting layers for the antenna via complete
encapsulation in a core-shell scheme. ii) Investigation of the role of size,
shape, defects and microstructure in hydride formation thermodynamics of
single-crystalline and polycrystalline palladium (Pd) nanoparticles. iii)
Application of the developed fabrication schemes and experimental
strategies to the investigation of (photo)catalytic reactions at the single
particle level.

Keywords: localized surface plasmon resonance, plasmonic sensors, hole-
mask colloidal lithography, shrinking-hole colloidal lithography, single
particle spectroscopy, dark field scattering spectroscopy, plasmonic
nanospectroscopy, nanoscale effects, palladium nanoparticles and
nanocrystals, metal-hydrogen interactions, grain boundary, nanocatalysts
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1 INTRODUCTION

Nanoparticles surround us everywhere — just look at your silver spoon: it’s releasing
nanoparticles as you read this'! We become more and more aware of the nanoparticles
around us as we are able to look closely enough to see these tiny objects. However,
magnifying glasses and optical microscopes’ are not sufficient for the purpose due to
the resolution limit. Instead electron microscopes can be used, since the nanoworld
deals with objects that are in the size range of 1 to 100 nm. Nanomaterials behave
generally very different compared to bulk (macroscopic) matter with “ordinary”
properties. Nanoparticles are common in many different environments and many kinds
of physical and chemical processes produce nanoparticles. One can identify two
sources of nanoparticles, that is, 1) natural and 2) synthetic (i.e. made by humans, also
called anthropogenic)®. Natural nanoparticles are contained in, for example, sand, dust
and volcanic ash, or in biological matter, for example, viruses, DNA or biomolecules.
Synthetic nanoparticles are either incidentally made by-products of daily human
activities (e.g. from the exhaust of engines, industrial plants, burning of fossil fuels,
mining or simply burning a candle (soot)), or engineered nanoparticles consciously
synthesized for a specific purpose. With rapid advances in nanoscience and
nanotechnology, it is possible to engineer ever more sophisticated nanostructures that
are well defined in terms of size, shape and composition (in comparison to incidental
nanoparticles). Nanoparticles can also be made by relatively simple chemical
processes that have been in the arsenal of alchemists and chemists for centuries.
Ancient Romans® and Egyptians® are considered to be among the first to exploit
nanoparticles for their needs such as hair dyeing, colouring glass and making jewelry.
One can only guess that they did not know what exactly they were doing.
Nevertheless, the results of their work are remarkable and there are things we can learn
from ancient nanotechnology. For example, reproduction and analysis of hair dyeing
recipes dating back 2000 years have shown that it is the precipitation of galena (lead
sulfide) nanocrystals within the hair during chemical treatment that produces a very
effective black dye. In the process, lead comes from an applied dyeing paste and sulfur
that participates in the reaction — from aminoacids in keratin (protein in hair). This
observation has stimulated further investigations of crystal growth mechanisms and
ion diffusion in hair for potential applications of the hair fibers to be used as
nanoreactors in development of nanocomposites™. Another well-known example of

" Technically, with an optical microscope (as will be shown in this thesis) it is possible to see the scattering
or fluorescence from the nanoparticles. However the resolution of the optical microscope is still not good
enough to see structural details of the nanoparticles.



nanocraftsmanship is the use of colloidal solutions of metals such as gold, silver and
copper. In nanoparticle solution form, the precious metals that we are accustomed to
see having metallic shine, in fact, give rise to vibrant colors like red, pink, purple,
yellow, green, etc., depending on the size and shape of the colloidal nanoparticles. The
colloidal solution could be impregnated into glass’, which have been used for making
decorative cups, stained windows in churches and mosques and also glaze decorations
on medieval ceramics’.

Nowadays, nanoparticles are on the way to large-scale commercialization with
ongoing research in implementing the nanoparticles in new products with better or
completely new properties. Already commercialized applications can be found in
many products ranging from health care items and cosmetics (e.g. sun screens,
toothpaste and drugs), food and agricultural products, sports equipment and toys, to
electronics and construction materials. Several databases are available on the Internet
listing more than 1000 consumer products where nanomaterials are used deliberately
in their production®.

Nanoparticles are intensively studied for many key applications in our present and
future society. In medicine, researchers are developing nanoparticles to help cure”' or
prevent'' diseases. Nanoparticles could be employed for efficient drug delivery,
diagnostics of diseases, therapeutic and anti-microbial treatments. The idea to use
nanomaterials in diagnosis, treatment and protection can be extended also to the
conservation of cultural artifacts. Nanomaterials are applied, for example, in cleaning
paintings from old coatings, strengthening the paint and neutralizing acidity that
degrades paper and wood artifacts'>. Coatings against pollution and microbial
contamination of the architectural surfaces (i.e. buildings) could be used for the
preservation of cultural heritage such as historical buildings and monuments.
Furthermore, there are ongoing studies to use nanoparticles for food safety and storage
applications'®, where nanoparticles can be used in packaging with high barrier
properties against gases, small organic molecules and bacteria, and also as sensors for
detection of food contaminants and microbes.

The field of electronics is traditionally linked to nanoscience and nanotechnology,
which is related to not only the miniaturization of the electronic devices, but also
building completely new ones (moving away from silicon electronics towards, for
example, molecular devices'®) that are lightweight and consume less power.

Nanoparticles are furthermore essential to save the Earth from pollution. This includes
development of strategies for water purification'®'” by removing industrial waste
pollutants, salts, metals and bacteria from water. Better air quality'® is another
important aspect, where nanoparticles are used in catalysts that reduce harmful
emissions from vehicles and industrial plants, and for adsorption of toxic gases like
nitrogen oxides (NOy), carbon dioxide (CO,), dioxins and volatile organic compounds
from air. Reactive nanomaterials are investigated for the use in cleaning of large-scale
contaminated sites'’, where they could transform and detoxify pollutants reducing
costs and time for cleanup. Finally, nanoparticles will play a crucial role in the



development of efficient and sustainable energy sources®, such as solar cells, fuel
cells, batteries, hydrogen production and hydrogen storage.

As becomes clear from the above, we have seemingly infinite motivations to tame
nanomaterials for the benefit of mankind. Moreover, as never before in human history,
we are exposed to rapidly increasing amounts of nanoparticles. On one hand, we have
many incidental nanoparticles contained in, for example, by-products of fossil fuel
burning and air pollution from industrial plants. On the other hand, with advances of
nanotechnology, also the amount of exposure to engineered nanoparticles is
increasing. It is therefore imperative that we have sufficient understanding of
nanoparticle properties, both natural and synthetic, as well as the many possible
reactions and interactions that they may undergo. This is important not only for their
best performance for a specific task, but also for the health of humans and our planet,
if/when nanoparticles are emitted into the environment.

This thesis is about the design and understanding of engineered nanoparticles with
well-defined sizes, shapes and composition. It is clear that there is an immense variety
of questions one can ask and study about nanoparticles, and, thus, it is hard to embrace
them all. Therefore, this work is mainly focused on studying the interaction of a
nanoparticle with its surrounding environment. Among these interactions the focus is
placed on events such as ad-/absorption or desorption of species on/from the particle.
These processes were studied here in the context of the two fields, namely metal-
hydrogen systems and catalysis. The following paragraphs introduce the importance of
metal-hydrogen interactions and the concept of catalysis, techniques for how to study
hydrogen-absorbing and catalyst nanoparticles and challenges in this direction.

1.1 Hydrogen-metal interactions

The interest in metal-hydrogen systems is stimulated both from a fundamental and an
applications point of view, which naturally overlap with each other. Many interesting
properties that can immediately or potentially be used are related to the small size of
the hydrogen atoms, which allows them to occupy interstitial sites in metal lattices,
and with high mobility diffuse within the host. As a result of the high mobility, it is
possible for hydrogen atoms to relatively quickly reach thermodynamic equilibrium
inside a metal even at room temperature. This is the reason why metal-hydrogen
systems are often used as model systems for studying physical/chemical properties and
their change with concentration, for example, solute-solute interactions®', quantum
mechanical tunnelling as a diffusion mechanism for atoms in solids™, hydrogen
density modulations related to sample geometry™, behaviour of systems with reduced
dimensions and modulated hydrogen affinity**, as well as influence of defects®.

Applications of metal-hydrogen systems extend to several areas of which some will be
discussed here. One of these areas of interest is hydrogen storage, which is an
important pillar of the proposed hydrogen economy, where hydrogen is envisioned as
an alternative to traditional fuels (i.e. coal, oil and natural gas). This is motivated by
the abundance of hydrogen on Earth (however, not in molecular form but covalently



bonded in hydrocarbons) and since it can either be combusted or drive an
electrochemical process in a fuel cell, producing in both cases only heat and water as
(by-)products. The outstanding energy density of hydrogen comes from its low
molecular weight and high molar heat of combustion, which makes it excellent from
the perspective of energy density by weight. However, the difficulty is that hydrogen
has very low energy density by volume (compared to hydrocarbon fuels), unless it is
highly compressed or liquefied. Both of these forms of storage are problematic in
terms of safety and cost. Liquid hydrogen has a low boiling point (around 20 K),
which requires expensive cryogenic storage that requires good thermal insulation. In
this respect, metal hydrides have long been considered as possible alternative for
effective and safe lightweight hydrogen storage systems in vehicles. This builds on the
fact that many metals and metal alloys under appropriate temperature and pressure
conditions react with hydrogen to reversibly form metal hydrides. Therefore, they are
considered as a potential solution to the problem offering reduced energy costs, low
reactivity (important for safety) and high hydrogen storage densities.”® However, in
today’s commercially available hydrogen fuel cell powered cars, such as the Toyota
Mirai, it is high pressure tanks made from high-strength and light-weight carbon-fiber
based composite materials for compressed hydrogen gas which are the storage systems
of choice.

Another interesting aspect of the unique property of metals and metal alloys to absorb
hydrogen under constant pressure is that the absorption process is accompanied by the
release of heat. This means that, if the hydride formation reaction is reversible, thermal
energy can be reversibly stored in hydrides. Therefore metal hydrides can be used not
only for hydrogen storage but also for storage of heat. A fundamental difference
between the two forms of storage is that in the latter case the heat of reaction from
hydride formation can be used as heat while retaining the hydrogen in a closed system
through many heat storage cycles, whereas in the former case the hydrogen is liberated
from the hydride in an open system and irreversibly reacting to form water’’. Heat
storage materials may be critical to the energy storage process of both solar and
nuclear power plants. For example, a metal hydride system for storing solar energy can
work by heating a high temperature metal hydride during the day by the sun. This
releases hydrogen, which is stored either in a volumetric gas tank, or by another metal
hydride that operates at lower temperature. The heat from the high temperature
hydride is then extracted for generation of electricity through a heat engine or steam
turbine during the night. **

One more relevant aspect of metal-hydrogen systems related to the hydrogen economy
is hydrogen sensing. In a hydrogen sensor it is the sensing element that enables the
detection of hydrogen and its concentration. To this end, due to their high affinity to
hydrogen, as well as their high selectivity, metal hydrides are ideal as active materials
in a hydrogen sensor. More specifically, this is due to the fact that, upon interaction
with hydrogen, a hydride-forming metal may change its temperature, refractive index,
mass, electrical, mechanical or optical properties, which are all parameters that can be
measured with high accuracy and, thus, serve as the basis for hydrogen detection.
Hence, metal hydrides are very attractive transducers in various types of hydrogen



sensors. If hydrogen is to be introduced as an energy carrier on a large scale, hydrogen
sensors will be an important part of the infrastructure to ensure safe handling by
detecting hydrogen leaks and preventing ignition/explosion of highly
flammable/explosive hydrogen-air mixtures. Besides the hydrogen economy, hydrogen
sensors are significant for safe operation in the chemical industry, where hydrogen is
either a necessary component or by-/end product of chemical processes (e.g.
production of ammonia and methanol and refinement of crude oils).*’

So far, I have highlighted the possible beneficial aspects of the interaction of hydrogen
with metals. However, there is also a backside of the coin. Since hydrogen, due to its
abundance, is often present in metals already from the first stages of production and
processing, it is known to be the cause of a large number of degradation and material
failure processes, such as hardening, embrittlement and internal damage. Metal failure
is of high technological importance, and the negative role of hydrogen in this respect
has been studied for many decades in terms of the underlying mechanisms and
preventive measures of hydrogen related degradation.®® The small size and high
mobility of hydrogen atoms are at the core of the problem. In general, hydrogen
damage can be caused by interaction of hydrogen with defects in the crystal lattice of
the metal, with alloying or impurity elements, and by precipitation at internal surfaces
such as voids or pores.’'

Finally, the interest in nanoscale metal-hydrogen systems is caused mainly by the
large surface-to-volume ratio of nanoparticles and shorter hydrogen diffusion paths.
Both these aspects, solely related to geometry and size, are expected to improve
hydrogen absorption/desorption kinetics because hydrogen uptake happens only
through the surface, and diffusion barriers inside the host typically are rate limiting
during hydride formation/decomposition. This is especially interesting for storage
applications and hydrogen sensors, where fast response to hydrogen is desirable. For
example, in hydrogen-powered vehicles it translates into sufficiently fast refuelling
rates and adequate performance of the tank system during operation. However,
significant research efforts are still needed to provide deeper understanding of the
physical mechanisms of the enhancement effects observed in nanosized metal
hydrides. Many of the effects go beyond simple geometrical and size/diffusion length
aspects, such as the influence of defects or impact of mechanical stress”, as discussed
in more detail in Chapter 3.

1.2 Catalysis

Nanoparticles are the workhorses of heterogeneous catalysis. However, before we
come to that, let us ask ourselves, what is a catalyst? Making an analogy to the world
of movies, if there was a (re)action movie to be made, starring chemical A and
chemical B that together form product P, a catalyst could play a guy that comes in with
a line: “We can do this the hard way or the easy way”. In other words, a catalyst is a
substance that facilitates a chemical reaction by lowering the activation energy that is
needed for the reaction to occur. In a catalysed process, reactants A and B adsorb to



the catalyst, maybe dissociate, and react with each other while they are transiently
bound to it. The activation energy of the rate limiting elemental reaction step along
this reaction pathway is significantly lower than that in the corresponding uncatalysed
reaction. In this way, a catalyst is able to significantly enhance the rate of reaction or
change the distribution of the reaction products selectively towards specific
compounds. When the product is formed, it detaches from the catalyst and leaves it
unaltered and unconsumed during the process, so that the catalyst is available for the
next reaction event. While the overall change in free energy is the same both for
catalysed and uncatalysed reactions, the kinetic barriers are lowered.

There are three types of catalysts: biocatalysts (enzymes and cells), homogeneous
catalysts and heterogeneous catalysts. In heterogeneous catalysis, as opposed to the
homogeneous, the catalyst and reactants are in different states, i.e. solid, liquid or gas.
Usually, the catalyst material is a solid, and reactants are molecules in the gas or liquid
phase. Heterogeneous catalysts can be metals, oxides, sulfides, carbides, nitrides — in
other words, practically any type of material. Supported nanoparticle catalysts made
from such materials are especially interesting (and constitute the majority of industrial
catalysts) since they provide a large surface area per unit mass, and therefore such
nanocatalysts are more effective. In addition, the smaller the used nanoparticles are the
larger the abundance of low-coordinated sites such as edges/steps and corners, which
in some cases are characterized with high reactivity. To enable the operation of
nanoparticle catalysts and minimize sintering effects, the nanoparticles are typically
dispersed on a support material. This support can be either amorphous (e.g. porous
alumina, silica, carbon (C)) or crystalline (zeolites), and mainly serves as a template
with high surface area and porosity that allows maximizing the total number of active
sites per unit volume of the catalyst system.

1.2.1 Why study catalysts?

Catalysts are very important in the chemical industry for production of chemicals and
energy, and they are also key in pollution mitigation. In fact, the vast majority of
existing chemical products and fuels involve catalytic processes at some point during
their production. Furthermore catalysts are often needed in hydrogen storage
materials® to enable hydrogen molecule dissociation on/in the material as the first
critical step for hydrogen absorption/hydride formation, or to improve kinetics of
hydrogen absorption/desorption processes. Therefore, the need for understanding, and
to either optimize existing catalysts or design new ones, is important both from an
economical and environmental point of view.

A perfect catalyst is active, selective and durable, but reality is that the catalysts are
not always perfect. Moreover, the catalyst has to facilitate the reaction at an
appropriate rate and under acceptable temperature and pressure conditions in order to
be efficient. Lowering the working temperature of the catalyst, as well as the amount
of reaction by-products, is a main goal in catalysis recently. If achieved, it can
decrease the production costs, energy consumption, the amount of “waste” produced



during a catalytic process, and the amount of catalyst material that is used in the
reaction. The latter is significant since industrial catalysts in many cases can involve
expensive and scarce materials such as palladium (Pd), platinum (Pt) or thodium (Rh).
Therefore, designing new more efficient and/or cheap(er) catalysts is highly relevant.
In order to reach these incentives, it is important to understand how the catalyst works:
what are the active sites (not all the atoms/regions of the catalyst are involved in a real
catalytic process), their structure and properties, and how they interact with all the
reaction participants (reactants, intermediates and products). In addition, for
nanoparticle catalysts a lot of research effort is put into understanding what are the
optimal size, composition, shape, and surface structure of the nanoparticle to achieve
the goal of catalysis by design.”

1.3 Challenges in characterization of nanosized
catalysts and metal-hydrogen systems

Catalysts and catalytic processes are generally complicated: a catalytic reaction can
involve multiple steps and is highly dependent on the reaction conditions such as
temperature and pressure. Studying a catalyst is, thus, a real challenge: the scientist is
always facing a dilemma of how much information about the catalyst one can obtain
with a certain technique and how relevant this information can be with respect to a real
catalytic process. To simplify the investigation of the catalyst one can use well defined
model systems such as supported nanoparticles (e.g. fabricated arrays of nanoparticles)
or single crystals, and study them under well-defined ultrahigh vacuum (UHV)
conditions. With the help of powerful surface science techniques, this approach has
given a lot of valuable insight into catalytic processes, especially for fundamental
science. However, there are two major problems with such an approach: first of all, a
catalytic reaction may proceed very differently under UHV conditions compared to the
real reaction conditions that involve high pressures; this is referred to as the “pressure
gap”. Secondly, the reactivity is very different for a simplified structure compared to
an industrial “real” catalyst; this is referred to as the “material” or “structure gap”.
Consequently, it is not straightforward to relate information obtained in idealized
experiments to the catalytic processes occurring under realistic reaction conditions in
chemical industry. Therefore, the development of characterization techniques to
investigate catalysts and catalytic processes in situ or even in operando (while the
reaction is happening at close-to or identical to real application conditions) is very
relevant and, at the same time, a challenging task. In situ/operando studies enable
identification and understanding of important reaction steps, such as formation of
reaction intermediates and the nature of the active sites. Moreover, they can shed light
on important stages in catalyst lifetime, e.g. activation/deactivation. Requirements on
the ideal in situ/operando experimental technique for studies of catalytic processes are
very demanding: it should have high spatial (below nanometers) and temporal (ideally
down to femtoseconds) resolution and allow simultaneous monitoring of the active site
(structure, composition, activity) and the reaction intermediates. At present, there is no
existing technique that meets all of the above requirements, and instead it is necessary



to combine several different approaches in order to get a more complete picture.
Today, a variety of techniques allow for investigation of either morphological
properties of the catalyst or surface chemistry associated with catalytic process and
reaction mechanism. Examples of techniques that enable investigation of structural
properties are the ones using electron probes (scanning electron microscopy (SEM),
transmission electron microscopy (TEM)), scanning probes (atomic force microscopy
(AFM), scanning tunneling microscopy (STM)) and X-rays (X-ray diffraction, X-ray
absorption spectroscopy (XAS), small-angle X-ray scattering). The surface chemistry
can be probed by the techniques such as infrared spectroscopy (IRS), Raman
spectroscopy, neutron scattering (NS), XAS, and deviations like Extended X-ray
Absorption Fine Structure (EXAFS) or X-ray Absorption Near-Edge Structure
(XANES), electron paramagnetic resonance (EPR), ultraviolet-visible spectroscopy
(UV-vis), thermal desorption spectroscopy (TDS), etc. The trade-off between these
techniques is that the ones, which offer spatial resolution to resolve morphological
properties of a catalyst down to nm scale, do not have sufficient temporal resolution
for studies of the fast catalytic events and kinetics of the processes. Therefore, it is also
useful to employ theoretical studies and modeling using, for example, density
functional theory (DFT), Monte Carlo (MC) simulations, molecular dynamics (MD),
to cotgﬁeptually understand and/or predict the properties of the catalyst and the reaction
steps.

Similarly to catalysts, fundamental understanding of metal-hydrogen systems at the
nanoscale is obtained by combining experimental and theoretical techniques. No
technique existing today fulfils all requirements and, again, there is a trade-off
between techniques allowing structural characterization and techniques providing high
enough temporal resolution for measurements of metal-hydrogen interaction process
kinetics at the nanoscale. Hydrogen absorption results in various changes in the
chemical and physical properties of the host material, which allows a variety of
techniques to be used for measuring such an event, especially under steady-state
conditions. These include X-ray diffraction® (change in lattice parameter) and nuclear
techniques®® (changes in neutron scattering length or cross-section), which are possible
to use for in situ studies of hydrogen absorption in nanostructured metals. Changes in
optical properties of the material upon hydrogen absorption have recently become
more common for studying metal hydride nanosystems. These optical changes can be
revealed in measurements of reflected’” or transmitted light38, luminescence™ and
localized surface plasmon resonance®. Traditional ways to study metal-hydrogen
systems also include volumetric methods (change in H, gas pressure of a material in a
closed volume) and gravimetric methods (change in mass of the system).”> These
methods, however, require relatively large sample volumes, and therefore suffer from
problems related to the typically quite broad size distributions of the probed
nanoparticles and related inhomogeneous sample material effects.

A generic difficulty when exploring nanostructured materials with the aim of
establishing structure-function relationships is that traditional methods rely on
ensembles of nanoparticles. Nanoparticle ensembles, by nature, are inhomogeneous in
terms of size, shape and structure. Thus, ensemble-averaged measurements may mask



individual-nanoparticle-specific details and the “true” factors controlling the
mechanism of the studied processes, i.e. how these relate to details in nanoparticle
size, shape, structure and composition. This, in turn, may complicate the identification
of advantageous structural and/or compositional properties that an optimal particle
designed for a specific purpose may have. Therefore, single particle studies of
catalytic reactions and hydrogen sorption processes performed in operando and in real
time are of crucial importance for the development of the fields of catalysis and metal-
hydrogen systems.

1.4 Techniques for single nanoparticle characterization
of catalyst and metal-hydrogen systems

Studying nanoparticles is not easy due to their small size; however studying single
nanoparticles is even more difficult. The experimental method has to provide a very
high sensitivity in order to probe such a low concentration of elements and
furthermore allow for fast data acquisition that is necessary for transient experiments.

In the last decade, several experimental approaches have become available that allow
monitoring catalytic events on single nanoparticles such as electrochemical methods
(e.g. electrochemical scanning probe microscopy®', electrochemical measurements
with ultramicroelectrodes” or electrocatalytic current amplification via single-
nanoparticle collisions®), single-molecule fluorescence microscopy** and surface-
enhanced Raman spectroscopy45 . These methods can detect the amount of reactants
consumed or products generated in a catalytic reaction by a single nanoparticle. The
detection scheme is based on the fact that reactants and products in a catalytic reaction
can affect, for example, the current in electrochemical measurements (proportional to
the rate of reactant consumption or product generation); in the case of fluorogenic
reactions, reactants can be transformed into a fluorescent product; or reactants can
have distinct vibrational features suitable for detection with Raman spectroscopy.

Other methods, instead, focus on the changes of the catalyst particle itself in their
detection scheme, for example, alterations in the oxidation state or coordination
environment of the atoms can be monitored by X-ray microscopy*®. Chemical or
physical properties of a catalyst and its surroundings can change due to consumption
of reactant molecules and product generation on the catalyst surface. This can be
monitored by surface plasmon resonance spectroscopy, which is based on the
phenomenon of LSPR. Briefly, LSPR is a coherent oscillation of conduction electrons
in metal nanoparticles, which will be discussed in detail in Chapter 2. The LSPR
frequency of such a particle depends on its size, shape, material and surrounding
environment. For nanoparticles of Au and Ag, which are common plasmonic materials
due to their favourable optical properties, the LSPR wavelength is in the ultraviolet-
visible-near-infrared (UV-vis-NIR) regime. In this regime, the scattering spectra of an
individual plasmonic nanoparticle can be measured with dark-field scattering
spectroscopy”’. In general terms, the LSPR sensing approach is based on detection of
changes in LSPR frequency of the sensor particle caused by alterations of the sensor



particle itself (e.g. shape, volume, oxidation state or through transformation into a
hydride) or in the surrounding environment of the sensor (direct™ and indirect®
sensing). In this thesis, nanoplasmonic sensing (or plasmonic nanospectroscopy, as we
coined it in the present context) was the main characterization tool used and further
developed, and therefore it is discussed in more detail in Chapter 2, which gives a
basic introduction to the phenomenon of LSPR, whereas in Chapter 6 the concept of
dark-field scattering spectroscopy is introduced in more detail. **'

Another important technique for single nanocatalyst characterization is environmental
TEM (ETEM), which is capable of in situ studies of chemical processes at the gas—
solid interface with atomic scale resolution.’** It should be noted however, that most
of the time, the information obtained with ETEM is at gas pressures of few millibars,
and not at ambient pressure, which is more relevant for technological applications.
Nevertheless, there are possibilities to bridge the pressure gap in ETEM by utilizing
nanoreactors that allow atomic-resolution ETEM at ambient pressure and elevated
temperature conditions™. Recent advances towards in situ and operando TEM are
summarized in ref,>*>®

Very few single particle studies on hydrogen-metal systems have been performed until
recently. These include a first demonstration of LSPR sensing for probing H sorption
in individual metal nanoparticles’™®, as well as studies using in situ electron energy-
loss spectroscopy (EELS) in ETEM®"® and coherent X-ray diffractive imaging
(CXDD)** that were applied for studying hydriding phase transformations of
individual Pd nanocrystals. Furthermore, it is my own contributions to the field made
as part of this thesis.

1.5 The scope of this thesis

This thesis was aimed at studying metal-hydrogen interactions and catalytic reactions
at the single nanoparticle level. In order to do this I developed and applied a non-
invasive experimental method for probing individual nanoparticles during hydrogen
sorption or during a catalytic reaction under operando conditions using plasmonic
nanospectroscopy. Furthermore, I established the necessary nanofabrication concepts
to make samples for such studies.

Specifically, in the first aspect of this work, a nanofabrication method was developed
for making plasmonic nanoantenna structures, such as nanodisc dimers and trimers,
which are characterized by high field enhancement (advantageous for sensing) in so-
called hot spots of the antenna (i.e. narrow gaps in the dimer/trimer arrangements). As
the key result, the targeted ability of the fabrication scheme to allow placement of a
particle of interest (nanocatalyst or hydrogen-absorbing particle) in the plasmonic hot
spot was realized. A second fabrication method was developed in order to
accommodate various dielectric spacer layers for the protection (through complete
encapsulation in a core-shell scheme) of the plasmonic antenna structure. This is a
challenging task in terms of fabrication and it becomes important when the
nanoantenna is to be used in harsh experimental conditions, such as high temperatures
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and aggressive gas environments, and to tailor the surface chemistry and near-field
coupling in hybrid-plasmonic photocatalyst materials. As one of the key results, this
fabrication scheme is the first demonstration of large-scale nanofabrication of arrays of
core-shell nanostructures with widely tailored material compositions in terms of all
constituents (beyond what currently is possible by colloidal synthesis®*®®, which is the
standard way of making core-shell structures).

In the second aspect of this work, I explored the possibility to probe individual Pd
nanoparticles upon their interaction with hydrogen gas and during hydride formation.
Firstly, wet-chemically synthesized single crystal Pd nanoparticles of various sizes
(15 - 70 nm) and shapes (i.e. cubes, dodecahedra, rods, octahedra) were investigated.
This was made possible by linking a plasmonic antenna nanoparticle to the Pd particle
by means of electrostatic self-assembly in solution, with subsequent deposition of the
assembled dimers onto a surface. The behavior of these particle arrangements upon
exposure to H, and during hydride formation was investigated as a function of Pd
crystal size and shape. Secondly, the role of grain boundaries during hydrogen
sorption in polycrystalline Pd nanodiscs was explored. This was done by correlating
plasmonic nanospectroscopy measurements of individual Pd nanodiscs with
corresponding transmission Kikuchi diffraction (TKD) characterization of their
crystallographic properties. Hydrogen absorption in/on Pd was chosen as the (model)
reaction due to several reasons. From experimental point of view, hydrogen absorption
in Pd occurs at “convenient” conditions, i.e. around room temperature and at pressures
below 1 bar. In addition, the hydride formation in Pd is completely reversible, and the
kinetics of the process are reasonably fast even at room temperature, since there are no
or very low kinetic barriers for hydrogen (H,) sorption and diffusion in Pd. Finally,
even though the bulk Pd-hydrogen system is very well studied, there are still open
questions about the physics of hydrogen sorption in nanoscale Pd systems.
Specifically, detailed studies of the role of Pd nanoparticle size, shape and
microstructure on the thermodynamics and kinetics of the hydride formation process
have started to emerge only very recently and require further attention® *>*. For
example, since most of the work so far has been done on ensembles of Pd
nanoparticles, it is unclear if some of the observed effects stem from the intrinsic
size/shape properties or due to inherent inhomogeneity of the ensemble particles. One
such example is the characteristic slope of the two-phase coexistence plateau that
emerges upon nanosizing of the Pd. For polycrystalline nanoparticles, grains can
largely influence their properties; however studying grain boundary effects at
nanoscale is challenging and only beginning to be explored. In the single particle
studies of Pd nanoparticles presented in this thesis, these issues are addressed. At a
more general level, deeper understanding of the physics behind these nanoscale size
and shape effects and the role of defects can facilitate the development of more
efficient hydrogen storage systems and sensor, as well as catalyst materials.

In the third aspect of this work, which is catalysis, the fabricated core-shell
nanostructures described above are shown to manifest significant optical absorption
enhancement in small catalyst nanoparticles grown on top of them. In addition,
photocatalytic reaction rate enhancement, as well as quenching, depending on the
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specific system and reactant-mixing regime, are demonstrated for these structures. In
the second catalysis-oriented study presented in this thesis, mass spectrometry was
combined with in operando plasmonic nanospectroscopy of single catalyst
nanoparticles. The experimental setup developed for this purpose is a significant step
forward for catalyst characterization using plasmonic nanospectroscopy. While the
latter offers only information about the state of the catalyst nanoparticle itself or the
surrounding medium, addition of mass spectrometry allows the simultaneous analysis
of reaction products, which makes it possible to directly correlate catalyst nanoparticle
state and its activity or selectivity. The capabilities of the setup are demonstrated both
at the ensemble and single particle level.
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2 NANOPLASMONICS

When light interacts with metal particles with a size smaller than the wavelength of
light, it can excite resonant collective oscillations of conduction electrons in the
particle - the localized surface plasmon resonance (LSPR). LSPR is established when
the frequency of the incoming light wave matches the resonance frequency of the
electrons oscillating against the restoring force generated by the induced charge
distribution inside the metal particle. The resulting electron displacement causes the
formation of a dynamic dipole (Fig. 2.1), which leads to the enhancement of the
electromagnetic field around the particle with respect to the incoming field and
constitutes a spatially confined sensing volume around the particle’’. The LSPR
frequency is known to depend on particle parameters such as size, shape and
composition, as well as on the dielectric properties of the surrounding environment.
By monitoring the LSPR wavelength of the plasmonic particle it is thus possible to
detect changes of the particle itself and also of its surroundings, which is the basis of
plasmonic sensing. At the LSPR frequency the particle efficiently absorbs and scatters
light. In the next paragraph these effects are briefly described with regard to the metal
nanoparticle. This is followed by a short discussion of the role of particle size, shape
and material in nanoplasmonics.

Electromagnetic field

Figure 2.1. Schematic representation of a metal nanosphere during LSPR excitation
by an external alternating electromagnetic field at two different times.
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2.1 Extinction, scattering and absorption of light in
metal nanoparticles

Propagation of light through a disperse medium can be described in terms of two
mechanisms: absorption, when light is absorbed in the matter, and scattering, when
light is forced to deviate from a straight trajectory due to the non-uniformity of the
medium. These mechanisms can be expressed through respective cross-sections that
are defined as the effective areas, which govern the probability of either a scattering or
an absorption event. The sum of absorption and scattering gives rise to the so-called
extinction cross-section.

The German physicist Gustav Mie in 1908 presented’” an exact solution of Maxwell’s
equations for an incoming plane wave interacting with a spherical particle of arbitrary
size and composition. A full description of these solutions is outside of the scope of
this thesis. However, a basic model is useful for understanding how the material in and
around the particle influences the LSPR. When the particle with size a is smaller than
the wavelength of light 4, i.e. @ << 1, one can make the so-called quasi-static
approximation for solving Maxwell’s equations. The approximation implies that the
incident electromagnetic field interacting with the particle is constant over the particle
volume. For a spherical nanoparticle in the quasi-static limit, the cross-sections for
extinction, scattering and absorption can then be described by the following
expressions’":

£, — &
Cope = 4mka® - Im | 2—"— 2.1
ext Tka m {Sp + ng ( )
8w e —e |
C.. =—Fk*-q6|2__™ 2.2
sca 3 @ & + 26y (22)
Caps = Cext — Csca (2.3)

where k is the wave number (k = 27/4), a is the radius of the particle, ¢, is the
dielectric function of the surrounding medium, and &, is the dielectric function of the
metallic nanoparticle. As can be seen from Eq. 2.1 - 2.3, extinction scales as the
particle volume (a’) and scattering scales as the particle volume squared (a°). It is also
apparent that the scattering and absorption of the particle are influenced by the
dielectric functions of both the particle itself and its surrounding medium. As follows
from Eq. 2.1 - 2.3, the maximum in scattering and extinction cross-sections should
occur at the condition:

g, + 26, =0 (2.4)

which is the resonance condition for the LSPR.
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If one considers a dielectric function of a metal as predicted by the Drude model
(which, in brief, uses the simplest approximation to describe the optical properties of
metals by assuming that all conduction electrons are delocalized):

a)Z

=1-—2F 2.5
gp w? + iyw (2-3)

where w, is the plasma frequency of a metal, i.e. the frequency below which the
reflectivity of any metal is equal to unity for frequencies of the external perturbation.
Then combining the last two equations (Eq. 2.4 and 2.5) gives an expression for the
LSPR frequency:

w.
14
w = —_—
max = =t (2.6)

Eq. 2.6 can be re-written in terms of the wavelength:
Amax = Apy/ 28, + 1 2.7

where 4, is the wavelength corresponding to the bulk plasma frequency of the metal.
From the latter expression it is clear that the wavelength position of the LSPR will
depend on the dielectric function of the particle surroundings, as well as on changes of
the plasma frequency (or, in other words, electron density) of the particle. This is the
fundamental effect exploited by nanoplasmonic sensing.

2.2 Dependence of LSPR on shape, size and material of
the nanoparticle

2.2.1 Shape

Particle shapes other than a sphere can be efficiently used to tune the LSPR over a
wide wavelength range. Nowadays, with advances of nanotechnology, it is possible to
prepare nanoparticles of a variety of different shapes and sizes and their optical
properties have to be calculated using different theoretical tools (other than Mie
theory). Theoretical modeling of nanoparticles with arbitrary shapes and sizes provides
better understanding and improvement of current LSPR sensing schemes (as well as
other incentives of nanophotonics). There are several techniques available that allow
for calculations of different particle shapes and sizes. Examples are discrete dipole
approximation (DDA), finite difference time domain (FDTD) method, T-matrix
method, the multiple multipole method, and the modified long wavelength
approximation (MLWA). 7
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The DDA method has been basis of many papers that analyze various particle shapes
and their advantages for LSPR sensing. For example, Jain et al.” calculated optical
properties of Au nanoparticles in the form of nanospheres, nanorods and nanoshells for
the purpose of applications in biological imaging and biomedicine. In another paper by
Hao ef al.” the shape effect was considered in Ag nanoparticles by comparing a
triangular prism, a rod and an oblate spheroid. Other shapes that have been studied are
nanostars ', nanorice’’, nanoeggs’® and nanocups’’.

a) E c) % e) k@—»E

k k

Figure 2.2. Schematic representation of plasmonic hot spots for different nanoparticle
shapes in terms of electric field enhancement: (a) and (b) triangular prism with
polarisation of the exciting field along two different symmetry axes; (c) and (d) rod
and prolate spheroid with polarisation of the exciting field along their long axes, (e)
and (f) nanoshell and nanoegg. Pictures are adapted from Hao et al.” and Wu et al.”

One important conclusion from computational studies is that there exist so-called Aot
spots in plasmonic nanostructures. These hot spots are the regions on the nanostructure
surface or in its vicinity, where there is the largest (for each individual shape)
enhancement of the electromagnetic field. Generally, strong field focusing behavior is
observed at sharp edges or tips of the nanostructures, and field enhancement tends to
increase with prolate shapes. In addition, when the particle has non-symmetrical
shape, it becomes important to excite LSPR with the appropriate polarization to obtain
the highest enhancement of the electromagnetic field. Fig. 2.2 schematically shows the
polarization-dependent  electromagnetic field enhancement around different
nanostructures. Note that the magnitude of the enhancement can be very different for
each case, because it strongly depends on the size and material of the nanostructure,
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and its distribution is only depicted schematically. Fig. 2.2 only serves as an
illustration of a plasmonic hot spot.

2.2.2 Size

If the condition @ << 1 is no longer valid, i.e. the particle size is comparable to the
wavelength of light, the following effects arise: 1) the excitation field inside the
particle becomes non-uniform; 2) the depolarization fields from a given volume
elements of the induced charge experience phase shifts as they propagate across the
particle. Both effects give rise to the phenomenon of retardation of the optical field.
The retardation phenomenon leads to a lowering of the average depolarization field
inside the nanoparticle (giving rise to the red shift of the LSPR resonance with
increasing particle size) and appearance of higher order induced multipolar charge
distributions besides the dipolar one. The latter modes (quadrupolar, octapolar, etc.)
become increasingly significant as the particle size increases as well as with
asymmetric particle shapes.

Another effect caused by increasing particle size is a broadening of the LSPR
resonance (shorter lifetime) that is caused by energy loss of the radiating dipole via
photon emission (light scattering)®’. The radiative energy loss is proportional to the
square of the induced dipole moment, which is proportional to the particle size. This
implies that the radiative plasmon decay channel starts dominating with increasing
particle size.

The effects accompanying an increase in particle size typically result in a shift of the
LSPR to longer wavelengths, and in spectral broadening of the LSPR peak.

In the case of small spherical particles, as follows from Eq. 2.6, the size doesn’t matter
for determining the spectral position of LSPR, since there is no geometric factor
involved. This is, however, not completely true for very small particles (< 10 nm),
where the dielectric function of the metal becomes size dependent and surface
scattering effects may become appreciable. The volume only determines the
magnitude of the scattering and absorption cross-sections. As can be seen from
Eq. 2.1 - 2.3, the scattering has a square dependence on the volume, while extinction is
only linearly volume-dependent. Therefore, as the particle gets smaller, it is harder to
see scattered light from it because with decreasing particle size more and more light
gets absorbed.*’

2.2.3 Material

The noble metals Au and Ag are traditional plasmonic materials. This is due to the fact
that they have strong and spectrally relatively narrow plasmon resonances at optical
frequencies. This can be partly explained by the high electron density of these metals:
the more electrons involved in a plasmon oscillation, the higher is the resonance
frequency. Another reason is that, at visible frequencies, the losses in Au and Ag are
relatively low compared to metals such as copper (Cu), Pd and Pt.
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The electron density and intrinsic losses are determined by the electronic band
structure of the material, which describes the range of energy (i.e. energy bands) that
an electron can have within a solid. At zero temperature, all low energy states up to a
certain energy level, i.e. the Fermi energy, will be filled with electrons, and the states
above this level will be empty. In contrast to Au and Ag, where the energy bands with
the highest density of states (d-bands) are located well below the Fermi energy, the
Fermi energy cross the d-band in metals like Pd and Pt. This increases the possibility
for interband excitations over the whole UV-vis-NIR spectrum range. The latter leads
to stronger damping of plasmon resonance via interband electron-hole pair formation
(i.e. absorption)®. This is the main reason for the strong damping and low scattering
(radiative decay) observed for LSPR in Pd and Pt nanoparticles. In summary, Ag is the
best material in terms of the “quality” of its LSPR owing to its intrinsically low losses.
Au is not quite as efficient but at the same time more chemically inert and therefore
advantageous for applications. This is illustrated in Fig. 2.3, which shows how an
unprotected Ag nanoparticle is oxidized after few weeks in air.

Figure 2.3. The SEM images of the synthesized Ag nanosphere with three Pd
nanocubes around it: (a) as synthesized and deposited on the substrate; (b) after 3
weeks in the storage box. After some time in air, the Ag particle becomes oxidized and
its appearance drastically changes. The Pd nanocubes remain visibly unchanged due
to their higher oxidation resistance. The scale bar in the SEM images is 100 nm.

Finally, it is worth mentioning that not only metals can support LSPR but (at infrared
frequencies) also metal oxides (e.g. indium tin oxide™), and semiconductors (e.g.
copper sulfide™, copper selenide™) with appreciable free electron densities, as well as
graphene.*™*” Semiconductors are especially interesting for nanoplasmonics since their
free electron concentrations can be tuned by doping, temperature and/or phase
transitions. For example, heavily hydrogen doped semiconductors such as zinc oxide
and titania (TiO,) have been proposed®® for creating highly efficient noble-metal-free
plasmonic photocatalyst systems. Graphene has already been shown to possess unique
mechanical, electric, magnetic and thermal properties,” as well as remarkable optical
properties.”® Graphene can support surface plasmons, and, furthermore, the optical
properties can be modified by gating, by doping, by chemical means and through
functionalization with conventional noble metals.
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2.3 LSPR in dimers

A large number of theoretical and experimental studies’”"* have demonstrated that
there is coupling between two plasmonic nanostructures if they are placed in close
vicinity. Qualitative interpretation of this phenomenon can be given based on the
simple dipole-dipole interaction model.”” The electromagnetic field applied to a single
plasmonic nanoparticle creates induced surface charges that generate a restoring force
on the conduction electrons (Fig. 2.4a) leading to collective harmonic oscillation of the
latter, i.e. the LSPR. However, when there are two nanoparticles in close proximity to
each other, depending on polarization of the external field, additional forces act on the
particle pair, as sketched in Fig. 2.4. If the polarization of the external electric field is
parallel to the long axis of the particle pair, the positive charge of the left particle faces
the corresponding negative charge of the right particle (Fig. 2.4b). Such induced
charge distribution of two adjacent particles creates attractive force between them,
resulting in a lower resonance frequency of the coupled system. Contrary, in case of
perpendicular external electric field polarization, the induced charge distributions on
two particles lead to the repulsive force between them (Fig. 2.4c), which in turn causes
an increase in the resonance frequency of the dimer system.

a) k@>E | | D) k@S| | © %

*

hot spot

Figure 2.4. Schematic illustration of the induced charge distribution in (a) an isolated
particle, (b) a pair of particles with electric field polarization parallel to their long
axis and (c) perpendicular to their long axis (no strong hot spot in the dimer occurs).
Pictures are adapted from Rechberger et al.”’
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Figure 2.5. Polarization dependent absorbance spectra of Au nanodisc dimers
prepared on glass substrate by HCL, and corresponding environmental SEM images.

The strongest field enhancement in the coupled particle (dimer) system occurs in the
gap between the particles, the so-called /ot spot. This small area of intense local field
is advantageous for LSPR sensing, since it provides strong coupling to anything
trapped in the gap, and which will influence the resonance of the coupled system. The
magnitude of the field enhancement in the gap of a dimer can be several times higher
than the one in/around a single plasmonic particle.”'*'”" For example, the square of
electric field between two closely spaced spheres or triangles is theoretically estimated
to be at least a factor of 10 larger than that around respective monomers”. The field
enhancement in the gap is a strong function of the gap distance (as illustrated in Fig.
2.5, where absorbance spectra of nanodisc dimers were measured using different
polarizations of light), and it scales with particle size, i.e. larger particles can give the
same enhancements for larger gap sizes. It has also been shown that the plasmon
wavelength-shift decays nearly exponentially with increasing inter-particle gap, and
that the decay length is independent of the nanoparticle size, shape, the metal type, or
the surrounding medium.'”>'" The absolute field enhancement in the dimer gap, as
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well as absolute plasmon coupling strength, depend on the shape, size and material of
dimer particles. Several particle pair geometries (other than pairs of nanospheres) have
been investigated theoretically: pairs of ellipsoidal nanoparticles (spheroids, rods and
cylinders)” and triangular prisms facing each other tip-to-tip and tip-to-side’”; or
studied experimentally (e.g. pairs of nanoshells'®). The choice of the dimer particle
shape is experimentally often determined by the availability of a suitable fabrication
method.

2.4 Single nanoparticle plasmonics

There are several experimental approaches that allow for excitation of LSPR in a
single nanoparticle, and at the same time are capable of probing the event. These
approaches can be divided as far-field and near-field. In the far-field approach the
particle is observed from much larger distance than the wavelength of light. In the
near-field approach the particle is probed in almost direct proximity to it by a sharp tip
or electron beam. The probed phenomenon in the far-field approach can constitute
scattering (dark field microscopy), absorption (photothermal imaging'®) and
extinction (spatial modulation spectroscopy'*) of the particle or electromagnetic field
enhancement around it (surface-enhanced spectroscopy, e.g. surface-enhanced Raman
spectroscopy'”’ or second harmonic generation'® spectroscopy). Consequently, with
the near-field approach, the probed phenomenon would be near-field optical
transmission or scattering (scanning near field optical microscope'”), photon-induced
field-enhanced electron emission (photoelectron emission microscopy , scanning
photoionization microscopy''"), electron-induced field-enhanced photon emission
(cathodoluminescence''?) or energy loss in a transmitted electron beam due to
plasmon excitation (electron energy loss spectroscopy'~ (EELS)).""*

Far-field approaches are intrinsically diffraction-limited, however their simplicity and
robustness still allow investigating distinguished features of plasmonic nanoparticles
such as scattering or absorption. Light scattering by the plasmonic particle can be very
useful in single particle studies for investigations of materials that have poor scattering
properties either due to their electronic structure (e.g. catalytic materials such as Pd or
Pt as discussed above) or due to their small size, which also lowers scattering
efficiency. These limitations can be overcome by employing the plasmonic particle as
an indirect probe by placing it in close proximity to the particle of interest, which itself
has weak scattering properties. In this way the plasmonic particle can serve as antenna
unit that is sensitive to changes happening in its surrounding environment (i.e. sensing
volume)™® (Fig. 2.6). In this thesis dark field scattering spectroscopy was used as one
of the main characterization techniques and is described in detail in Chapter 6.
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Figure 2.6. lllustration of the sensing volume of a plasmonic sphere (a) and a pair of
spheres (b). By placing a particle of interest (grey) in the hot spot of the plasmonic
antenna it is possible to probe the events in/on the particle with the help of the
enhanced electromagnetic fields around the antenna.

2.5 Plasmon-assisted light absorption engineering for
catalysis

The plasmons decay after light absorption and LSPR excitation. This process occurs
either radiatively through re-emission of photons, or non-radiatively by excitation of
electron-hole pairs in the metal. The latter results in formation of energetic electrons
and holes, which are not in thermal equilibrium and therefore are often referred to as
hot carriers. The hot electron-hole pair generation process has typically been
considered to be detrimental for plasmonic performance because of the consequent
plasmon damping, which broadens the intrinsic linewidth of the plasmonic antenna.
However, this loss mechanism has gained a lot of attention in recent years due to its
potential for extracting and using the hot electrons and holes for applications in energy
conversion,  photodetection,  photochemistry and  photocatalysis.'>'"*  In
photocatalysis, hot electrons present opportunities for light-driven enhancement of
catalytic reactions and selectivity control of the catalytic process. Several experimental
studies have been performed, where enhanced rates of specific reactions are attributed
to the hot-electron transfer to adsorbed species or reaction intermediates on the surface
of Ag or Au nanoparticles'*'*" under light illumination. A mechanism where the
selectivity of the propylene epoxidation reaction on Cu nanoparticles is controlled by
hot electron mediated reduction of surface Cu atoms has also been demonstrated'*,
Recently, it was furthermore reported that hot electrons facilitate dissociation of
hydrogen molecules on Al nanoparticles'”. In all these studies, the plasmonic
nanoparticle serves both as a light absorber and as the catalytic surface. However, the
choice of Au, Ag, Cu and Al was dictated mainly by their attractive plasmonic
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properties rather than catalytic properties. Typical industrial catalysts are instead
transition metal nanoparticles (Pt, Pd, Rh, Ru, etc.) in sub-10 nm size range. These
metals exhibit plasmonic properties only in the UV range, which does not overlap with
the solar spectrum (for harvesting solar energy)'**. Thus, attempts to combine the best
features of the two worlds seem reasonable, and it has been shown that a plasmonic
antenna made from a good plasmonic metal such as Au or Ag can increase the optical
absorption in adjacent nanoparticles made from a different metal. Specifically this
mechanism has been demonstrated theoretically and/or experimentally on examples of
a sandwich structure comprised of a large Au nanodisk and large Pd nanodisk'*>'*’; a
Ag nanodisk and smaller disks of various catalytic particles such as Pt, Rh, Ru, and
V'?; and a Ag nanodisk decorated with sub-5 nm Pd particles'**. The first attempt to
realize this concept experimentally and illustrate its usefulness in photocatalysis was
demonstrated recently using Al nanocrystals decorated with small Pd nanoparticles'.
Strong indications that hot-carrier-induced desorption of hydrogen occurs on Pd
surface were observed. In addition, in the presence of acetylene and hydrogen, the
selectivity for photocatalytic ethylene production relative to ethane was shown to be
strongly enhanced.

Despite intense research, it is still poorly understood how the process of electron

transfer to adsorbed chemical species on the nanoparticle surface takes place'’, as

well as the actual mechanism of plasmon-induced hot electron generation''.
Moreover, in many related applications, when analysing the cause of, for example, the
observed photocatalytic enhancement, it is important to distinguish between purely
plasmonic effects such as hot carriers generated from plasmon decay and near-field
enhanced absorption, and non-plasmonic effects''®'"**. Non-plasmonic effects include
hot carrier generation by direct photon absorption, which is possible in metal
nanostructures. The latter can also reduce barriers for reactions through binding
adsorbates'”® and can enhance molecule adsorption via spillover effects' i.e.
transport of active species (ad)sorbed or formed on one surface onto another
surface”. In addition, plasmon-induced heating (under sufficient energy flux'**"7)
may thermally activate reactions and contribute to the thermal excitation of carriers
trapped in defect sites. In order to clearly distinguish between various effects, careful
theoretical modelling and design of experiments are required. The latter can be
achieved with well-defined model systems that facilitate direct and unambiguous
correlation between enhancement effects and plasmon-influence. In a study by
Antosiewicz et al.'**, absorption enhancement was measured from a sample, where Pd
catalyst particles are dispersed both in and out of the influence zone of the Ag
nanoantenna, which makes it unclear how the LSPR of the Ag particle affects
absorption in the catalyst. Motivated by this shortcoming, in Paper VI we have
developed a fabrication method, which is a modified version of hole-mask colloidal
lithography (HCL), where the plasmonic antenna is encapsulated by a few nm thin
dielectric layer (ALOs, SiNy, SiO,, TiO,) and sub-10 nm catalytic particles (e.g. Pd
and Pt) are located on top and only in the influence zone of the plasmonic antenna. In
the fabrication process, we prioritized a possibility to use Ag, as plasmonic entity

23



covered by a protective layer, which is important for the use of Ag in oxidizing
environments during catalytic experiments.
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3 METAL-HYDROGEN INTERACTIONS

Since the first report more than 150 years ago'"" that Pd can absorb H, it has become

one of the most well studied materials with respect to H uptake/release
thermodynamics and kinetics. This is motivated both from a fundamental and
applications point of view. Pd is used for e.g. H storage™, heat storage’, metal
hydride batteries'*’, hydrogen sensors*, smart windows'*' and switchable mirrors'*.
The bulk Pd-H system has a well-known phase diagram and related electronic
structure and optical properties at different H concentrations.'** Another reason for Pd
being an attractive model system is the fact that hydride formation in Pd occurs at
convenient experimental conditions such as pressures below 1 bar at temperatures
around room temperature.

In this thesis, the fascinating ability of Pd to absorb large amounts of atomic hydrogen
is used as a model system. Specifically, Pd nanoparticles are utilized to study the
sensing properties of different plasmonic nanoantenna structures (Paper I, II).
Furthermore, Pd nanoparticles are subject of investigation whether their size and shape
influence the thermodynamic and kinetic properties of hydride formation and
decomposition (Paper III). Finally, we explore the role of grain boundaries in the
hydrogenation phase transformation of polycrystalline Pd nanoparticles (Paper IV).
This chapter is dedicated to the discussion of some of the important general aspects of
metal-hydrogen (M-H) interactions (with emphasis on the Pd-H system) that are
necessary for understanding the work presented in this thesis.

3.1 Bulk metal-H systems

3.1.1 H adsorption on the surface

When a metal is exposed to a hydrogen atmosphere, the H, molecules may adsorb onto
the metal surface via physi- and/or chemisorption. Subsequently, the H, molecules
may dissociate and the H atoms get absorbed into the metal. The dissociative
chemisorption of H, molecules is usually an activated process that does not occur
spontaneously at ambient conditions on many metals. However Pd demonstrates a
high (non-activated) catalytic activity for H, dissociation on its surface.'*

Often the equilibrium position of surface atoms differs from the one dictated by the
lattice periodicity of the bulk, and this effect is called surface relaxation. It usually

25



constitutes contraction of the top two layers and appreciable expansion of the second
and third, as well as third and fourth layers (atomic planes).'* The adsorption of an H
atom itself can also cause relaxation or reconstruction of the metal surface. After
dissociation, there are several energetically different sites that chemisorbed H atoms
can occupy depending on the temperature and surface reconstruction, thus forming
ordered or disordered (at lower temperatures) surface phases with different
coverage'*’. On surfaces with high defect concentration, H prefers the sites of high
coordination and near steps, which can actually be useful for probing surface
defects'*"'** (more on H-defect interaction in section 3.1.6).

H atoms occupy not only the sites on top of the metal surface, but also directly below
and in-between top layer atoms, thus forming a subsurface hydride layer, which
constitutes an important intermediate stage between chemisorbed hydrogen and bulk
hydride'®. Fig. 3.1 schematically illustrates the energy landscape encountered by
hydrogen molecule/atom approaching a metal surface with indication of energetically
different sites that hydrogen can occupy along the way from the gas phase into the
metal.

subsurface

Figure 3.1. Sketch of the potential energy landscape for a H, molecule that
approaches a metal surface on the left, dissociates into H atoms and diffuses into the
bulk. Eg, is the dissociation energy of a H, molecule, Egypc. the absorption energy of
a H atom at the metal surface, Eqpsace the absorption energy at a subsurface site in
the metal, and Ey, the absorption energy at a bulk site. Adapted from Behm et al®.

3.1.2 H-induced lattice strain

When H atoms enter the metal lattice they occupy interstitial sites, which are generally
smaller by volume than the size of a H atom. This results in a lattice expansion of the
host metal, and the volume change can be expressed as'™:

AV = nyAv 3.1)
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where ny is the number of H atoms dissolved in the metal and Av is the volume change
per hydrogen atom.

The relative volume change of the metal crystal with volume ¥ containing N metal
atoms with mean atomic volume Q is then:

AV nyAv Av

- — o2 3.2
vV - Nn Hg (3-2)

where ¢y = ny/N is atomic fraction of H atoms.

In face-centered cubic (fcc) metals (such as Pd), H atoms predominantly occupy
octahedral (O) and tetrahedral (T) interstitial sites. For a variety of fcc metals and
alloys it has been found that the volume change increases linearly with concentration
up to 0.7 H/M, and is almost independent of electronic differences or the initial
volume of the host metal'>'. The volume change per H atom has been determined to be
vy =2.9 A®. To be more precise'*, depending on the type of the host, its structure and
the site occupancy, it is so that i) vy is larger for lanthanides than in d-band metals;
and 2) in d-band metals vy, is 2.2 + 0.3 A® for O-site occupancy and 2.9 + 0.3 A*for T-
site occupancy. Above 0.7 H/M the volume change does not increase substantially,
and Fukai'® have suggested that it can be related to the formation of superabundant
metal-atom vacancies. As a result, the lattice is contracted and extra sites for H are
created, which prevents further volume increase.

3.1.3 Hydride formation

At low hydrogen gas pressures, a solid solution of H in the host lattice (called the o-
phase) is formed. In the a-phase, since the amount of H is rather low and thus the
distance between H atoms is large, (attractive) H-H interactions inside the lattice are
weak. In this low concentration regime, the system obeys Sieverts’ law, which
describes the solubility of a gas in a solid solution, assuming ideal gas behavior:

Pu, =1y K (3.3)

where py,is the partial pressure of H, gas, ny is the H concentration in the metal (i.e.
H/Pd atomic ratio) and K is the Sieverts constant.

As the metal absorbs more and more H, the H atoms will locally strain the lattice of
the host. When the H pressure/concentration is increased further, the amount of H in
the metal will increase and eventually H-H interactions (resulting from lattice strain
and electronic interactions) become appreciable, and the nucleation of regions of the
hydride (ﬁl—ﬁhlaslzse) starts. The chemical potential of H in Pd (uy) is then composed of
four terms ™%
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My = Hh + RT - In 2 Ay + Ap (3.4)

The first term p is the standard potential. The second (configurational) term accounts
for the possible atomic arrangements assuming an ideal statistic distribution of the H
atoms at octahedral sites (R is the gas constant and T is the temperature). The last two
terms describe the deviations from ideal solution behavior, which are to be expected at
higher H concentrations in the metal. Auy,+ denotes the “elastic” contribution coming
from the vibrating protons that apply an expansive strain onto the neighboring Pd
atoms at the octahedral sites. Au, denotes the “electronic” contribution originating
from hydrogen electrons that delocalize upon entering the Pd lattice and interact with
its electronic states (and as a consequence the Fermi energy of the metal is raised).

At this stage, the a- and B-phase coexist in equilibrium and an incremental increase in
the H concentration around the metal will only result in the growth of the B-phase
regions at the expense of the a-phase. Eventually, with continued increase in external
H pressure, the entire metal will be transformed into the f-phase, where the hydride
formation is complete, and any further increase in H pressure will only result in minor
changes in the H content in the hydride.'*’ The formed PdH, has an expanded host
lattice structure with a different lattice parameter, varying from 3.89 A to maximum of
3.894 A in o-phase and minimum of 4.025 A in B-phase as a function of hydrogen
content. At room temperature, the boundaries of the two-phase region for bulk Pd are
at ny= 0.008 for a-phase and 1y = 0.607 for p-phase.'*

A common way to study the H sorption processes is to map (at constant temperature)
the H content in the metal versus the increasing applied H, pressure. In this way, a so-
called pressure-composition (p-C) isotherm is obtained (Fig. 3.2a). At low H pressures
deep in the o-phase region, the isotherm has a slope that obeys the Sieverts
relation (Eq. 3.3). The isotherm then exhibits a distinct “plateau” at the pressure where
the a- and B-phase coexist, i.e. at the hydride formation pressure. As the temperature is
increased, the pressure at which the hydride formation takes place also increases.
In this way, by measuring isotherms at several temperatures, the phase diagram of
the M-H system can be mapped out. The phase boundaries are located on the low and
high concentration sides of the equilibrium plateau, respectively, up to the critical
point. At the critical temperature (7.), the phase transition between a- and B-phase
becomes 2™ order and the plateau disappears. From the isotherm measurements one
can obtain useful information about the hydrogenation process, such as change in
enthalpy (4H) and entropy (4S) during the hydride formation or decomposition. The
temperature dependence of the plateau pressure is described by the Van ’t Hoff
equation'**:

AH AS

ln(}%) =—rt 3.5)
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where P is the plateau pressure, Py is the atmospheric pressure. 4H and A4S can be
found by constructing a Van ’t Hoff plot (Fig. 3.2b), i.e. by plotting In(P/P,) versus
1/T, which yields a straight line. Then, 4H corresponds to the slope, and 4S to the
intersection with the pressure axis, respectively.

a b
A

>

AS/R

In(P/P,)

Hydrogen pressure

Sl ' >
Hydrogen/metal ratio 1/T

Figure 3.2. (a) Sketch of typical p-C isotherms measured at different temperatures,
which allows mapping the phase diagram of the hydride formation/decomposition
(note that the H pressure axis has a log scale). The boundaries of the two-phase
region are denoted with the dashed curve. The hydride formation is reversible (dotted
line), however the plateau pressure of hydride decomposition often occurs at lower
pressure resulting in hysteresis. (b) Sketch of a typical Van 't Hoff analysis of
hydrogen absorption isotherms, where the equilibrium plateau pressures are plotted
against the inverse temperature. The Van 't Hoff plot reveals information about AH
(proportional to the slope of the straight line) and AS (proportional to the intersect
with the pressure axis) of hydride formation/decomposition.

3.1.4 Accuracy of Van ‘t Hoff analysis and entropy-enthalpy
compensation

It is important to note that Van ’t Hoff analysis can be problematic in reality. Since the
values for AH and A4S are extracted from the plot of the plateau pressure as a function
of the inverse temperature, the inaccurate determination of the plateau pressure (note
that the y-axis is logarithmic) can largely contribute to the uncertainty of the analysis.
This is especially relevant when experimental isotherms exhibit sloping plateaus and
non-closing hysteresis loops. Another source of uncertainty is the quality of the fit in
the Van ‘t Hoff analysis. An imprecise regression in the Van ‘t Hoff plot will cause
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correlated errors in 4H and 48, that is, an error in the slope (4H) measure is directly
reflected in the intercept (4S) measure. The phenomenon of correlation in the
dependence of the enthalpy and entropy on governing parameters is called enthalpy
and entropy compensation, and it may also arise if the temperature range of the
experiment is very narrow' . The linear correlation between AH and AS follows
immediately from AH — T4S = AG ~ constant (G is Gibbs free energy). The slope of
this linear relationship 64H/64S is the so-called compensation temperature e, at
which all plateau pressures have the same value peomp. Teomp falling within the range of
temperatures used in the experiments is a strong indication that the observed
correlation is a statistical artefact. The enthalpy and entropy compensation effect was
comprehensively illustrated on example of many recent studies regarding H interaction

with Pd nanoparticles'*.

3.1.5 Hysteresis

If one reverses the hydrogenation process by decreasing the H pressure from the
hydride, the decomposition process will take place in a similar way as the hydride
formation described above, and exhibit a plateau where B-phase and a-phase are in
thermodynamic equilibrium as the hydride is decomposed. However, the hydride
decomposition will in most cases not occur at the same pressure as the formation, but
rather at a lower pressure (Fig. 3.2a). Several concepts explaining the origin of the
pressure hysteresis in M-H systems have been proposed since its discovery”"'>'>. At
present, there are two commonly recognized theories. According to the first, the
hysteresis is attributed to the loss of energy due to formation of dislocations, which are
required in order to accommodate the volume changes (expansion/contraction) in the
metal, both during absorption and desorption of hydrogen'®"'%. In order to explain the
reproducibility of the hysteresis, the theory makes the somewhat debatable assumption
that dislocations are annihilated after each hydride formation cycle at the same rate as
they are formed. This is to accommodate for the fact that the density of dislocations
cannot be increased above a certain saturation point. According to the second, more
recent theory, it is proposed that the lattice stresses and strains generated by
incorporation of hydrogen into a host metal also create an energy barrier that needs to
be surmounted in order for the hydride to form or decompose.'® However, this is
strictly valid only for an open system with coherent interfaces between metal and
hydride phase. Coherent transformation implies that during absorption of hydrogen
into the metal, the host lattice is not disrupted (e.g. by dislocation formation and
movement) but is under significant stress, which leads to elastic energy contributions
to the enthalpy (Fig. 3.3a). The elastic energy barrier is proportional to the sample
volume and cannot be overcome by thermal fluctuations. In contrast, during incoherent
transformation (Fig. 3.3b), dislocations are created in order to relax and thus minimize
elastic stresses, and incoherent precipitates nucleate and grow in the corresponding
phases (i.e. B-phase during absorption and a-phase during desorption process).

The extent of the hysteresis can be engineered by pre-straining the host metal lattice.
Typically this is done be reducing the size of the metal to nanoscale or by alloying the
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host metal with a second element, as for example in Pd-Au, Pd-Ag, and Pd-Ni
zilloys.164'166

a b

Figure 3.3. (a) Sketch of coherent and (b) incoherent phase nucleation (dots indicate

sub-volumes with interstitial atoms). During the coherent process, there is continuous

variation in the lattice spacing, so that coherency strains start to develop. During the

incoherent process, dislocations are readily created to minimize elastic stresses, and

there is little or no lattice matching across the interface between the matrix and
L 167

precipitate. Adapted from Wagner'®'.

3.1.6 Role of defects in M-H interactions

The properties of a material are strongly affected by its microstructural characteristics.
As mentioned earlier regarding surface adsorption, H atom adsorption/absorption is
sensitive to the presence of defects, especially at low H coverage'*®. It is known that H
is trapped in lattice defects such as vacancies'® dislocations'® and grain
boundaries'”’. This can be explained by the larger binding energy at the defect site
compared to the interstitial site'®®. Hydrogen is not only trapped in the defects, but can
also introduce new defects into the metal, for example vacancies'* and dislocations'”".

In the following, some of the defects that interact with hydrogen are summarized.

3.1.6.1 Vacancies

Vacancies are the simplest form of point defects and correspond to lattice sites with a
missing atom. They can be created during solidification due to imperfect packing.
Vacancies can be formed also during processing at elevated temperatures due to atom
displacement by thermal vibrations. The number of vacancies n, increases
exponentially with temperature as'’*:

n, = Ne Fv/kBT (3.6)

where N is the total number of lattice sites, E, is the energy required to form a
vacancy, kp is the Boltzman constant. Hydrogen is easily trapped in vacancies due to
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favorable energy conditions. For this reason, they are sometimes regarded as internal
surfaces.

3.1.6.2 Dislocations

Dislocations are linear defects that involve misalignment of the atoms in the lattice
structure. They are important since they provide mechanisms that allow for
mechanical deformation and thus determine the strength and ductility of the metal.
Dislocations can be of edge, screw or mixed type (Fig. 3.4). Edge dislocations are
defects, where an additional half-plane of atoms is introduced in the crystal lattice,
thereby distorting its atomic planes. The screw dislocation has its name due to the
spiral surface formed by the atomic planes around the screw dislocation line. Mixed
dislocations are intermediate between the edge and screw dislocation, and illustrate
that it is possible for a dislocation to change its character inside the crystal as shown in
Fig. 3.4c. An important characteristic of a dislocation, is that it cannot end inside the
crystal, but must end at a surface such as grain boundary or the crystal surface.'””

The edge dislocations are of primary importance for M-H systems, since they strongly
interact with hydrogen atoms and influence plastic flow and H mobility'®. For the Pd-
H system, the interaction with dislocations results in increased solubility in the a-
phase'®”. Interstitial sites in the expanded regions due to edge dislocations serve as
hydrogen traps, where hydrogen atoms accumulate. Dislocations not only interact with
H, but can be formed during hydrogen loading and/or unloading'®. This occurs in
order to accommodate the lattice mismatch between metal host and precipitate.

Figure 3.4. (a) Edge dislocation, (b) screw dislocation and (c) mixed dislocation. b is
the Burgers vector. Adapted from Campbell'”.

3.1.6.3 Grain Boundaries

A grain boundary is a two-dimensional defect constituting an interface between two
grains (crystals) in a polycrystalline material. Since atomic bonds at the grain
boundary act as a conjugation interface between the two grains, atoms within grain
boundaries are subject to high strain and distortion. This results in different energetic
states, rendering the properties of the grain boundaries different from the crystal
interior. Since grain boundaries are regions with many irregularly placed atoms,
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dislocations and voids, they can serve as sinks for disappearance of vacancies and
dislocations.

The crystals on either side of the grain boundary differ only in their orientation.
Hence, grain boundaries can be categorized to the extent of their misorientation such
as low-angle grain boundaries (LAGBs) and high-angle grain boundaries (HAGBs).
The misorientation angle for LAGBs is less than about 15°, and correspondingly more
than that for HAGBs'”. In comparison to HAGBs, LAGBs have less severe defects,
obstruct plastic flow less and are less susceptible to segregation of alloying
components. Twin boundaries can be regarded as a special type of grain boundaries
with high symmetry, where often one grain is a mirror image of the other. Twin
boundaries are usually flat and have lower energy than HAGBs, therefore they are less
effective as sources and sinks of other defects and are less active in deformation and
corrosion.'”?

Grain boundaries are preferential regions for accumulation and segregation of many
types of impurities, as well as phase precipitation or absorption of species such as
hydrogen and oxygen. Grain boundaries were extensively studied in the context of M-
H interactions using materials with high density of grains such as nanocrystalline Pd
(n-Pd), where the size of the grains is less than few tens of nm. For n-Pd, where the
mean grain size is 10 nm, it has been shown'’"'™ that the miscibility gap is narrowed,
and according to the proposed model this is due to the fact that grain boundaries do not
participate in hydride formation. This can be understood in the following way. In order
to reduce its total energy the system may interact with solute atoms via grain
boundaries, and the solute atoms may accumulate there. At low H concentrations the H
atoms fill the low-energy sites offered by the grain boundaries and increase the
solubility of the a-phase up to 0.03 H/Pd (compared to 0.015 for polycrystalline Pd-H
system). At high H concentrations, only regions that behave bulk-like transform into
hydride (i.e. only crystal interiors and not grain boundaries). This results in decreased
solubility in the B-phase down to 0.44 H/Pd (compared to 0.58 for polycrystalline Pd-
H system). Consequently, a narrowed miscibility gap is the result of both changes of
the a-and PB-phase solubility. In contrast, in a study based on X-ray diffraction
experiments' >, it was shown that the entire sample volume of n-Pd is readily
transformed into hydride, including grain boundary regions. The narrowing of the
miscibility gap was in this case attributed to the larger ratio of entropy to enthalpy of
mixing in the n-Pd compared to polycrystalline Pd.

Finally, accumulation of H at grain boundaries results in large stresses in the grain
interior. At large interface-to-volume ratio (as is the case for n-Pd), this stress causes
significant nonlocal interaction between interfaces and bulk'’®. The grain boundary
stress in Pd-H expands the crystal lattice, and the bulk hydrogen concentration at
equilibrium is affected. As we demonstrate in Paper IV, also for polycrystalline Pd
nanoparticles, the strain generated by the grain boundaries affects their chemical
potential, and correspondingly their hydrogen absorption pressures.
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3.2 Metal-hydrogen systems at the nanoscale

Reducing the size of the M-H system to the nanoscale has immediate effects on its
chemical and physical properties. The surface-area-to-volume ratio increases and the
role of microstructural components such as surface and subsurface sites, grain
boundaries, interfaces and other defects becomes significant. This is because their
number becomes comparable with the total number of sites in the system. Surface
tension gains a prominent role in the hydrogen absorption properties of the material.
Since nanosystems usually have to be deposited/dispersed on substrates to avoid
immediate aggregation/sintering and in many cases are stabilized by surfactants'’’
(remaining from colloidal synthesis) or infiltrated into a scaffold material®'"® their
influence on the M-H system has to be taken into consideration. In addition, the
kinetics of hydrogen loading can be improved due to shorter diffusion lengths, and
hydrogen loading becomes possible even for metals with low hydrogen diffusivity.
Nano-sized metals can be classified as thin films (1D), rods or wires (2D),
nanoparticles and clusters (3D).”” Here, I will focus on nanoparticles and clusters.

Strong size effects are typically expected and have also been experimentally observed
for Pd nanoparticles smaller than 10 nm. At these length scales, one of the key factors
resulting in the dependence of the thermodynamics on the particle size is surface
tension, which gives rise to a decrease of the H binding energy via compression of the
Pd lattice as nanoparticle size decreases'”. Moreover, for such small nanoparticles, the
fraction of atoms that reside on corners or edges is significant. These atoms are less
coordinated and therefore exhibit higher reactivity toward hydrogen.*® Furthermore,
strong indications of the important influence of subsurface sites have been found'**'™'.
The effects of decreasing Pd nanoparticle size on hydrogen storage properties have
been studied for sizes that range from 1 nm to 8 nm. Various effects were observed
including: a suppression of the critical temperature with decreasing particle size'*>'®,
decrease in width of the plateau'™ '™ increased slope of the plateau and decreased
hysteresis'™""'*'% as well as faster kinetics'®*. Recently’® size-dependent trends in
thermodynamics and kinetics were observed also for unexpectedly large Pd
nanoparticles with sizes ranging from 14 to 110 nm. However, as was mentioned
earlier in the Section 3.1.4, such observations could be related to the fact that the
isotherms in this study have strongly sloping plateaus and non-closing hysteresis loops
(for smaller particles) leading to imprecise Van ‘t Hoff analysis. Importantly, all these
studies were done for ensembles of nanoparticles.

3.3 Single particle studies of metal hydrides

For a better understanding of the role of nanoparticle-specific features in the hydride
formation/decomposition process, it is useful to perform single particle studies to
completely avoid ensemble-averaging effects. Wet-chemical synthesis of
nanocrystals'” allows fine-tuning of the size, shape and crystal facets of the particle of
interest, consequently facilitating studies that directly correlate particle specific
features related to size or shape with particle functionality. To this end, a significant
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number of studies has been published recently, investigating both ensembles® of and
single®' " Pd nanoparticles, which in most cases were single crystalline.

Probing H sorption in metal nanoparticles is challenging in general and even more so
for single particles. The studies in the literature attempting such investigations use
diverse techniques in order to measure H in Pd nanoparticles, such as electron energy-
loss spectroscopy (EELS) in environmental TEM®"® and coherent X-ray diffractive
imaging (CXDI)***. Ensemble measurements” on 14 - 110 nm particles
(predominantly nanocubes, measured at temperatures between 295 and 385 K) showed
that absorption and desorption isotherms exhibit sloping plateaus and non-closing
hysteresis loops, and their analysis leads to conclusion of size-dependent
thermodynamics. The authors argue that this is a consequence of a thermally driven
first-order phase transition with incoherent coexistence of a- and B-phases. In addition,
they suggest that a free energy barrier is responsible for the observed size-dependent
hysteresis width. This strongly contrasts the results from an EELS-based single
particle study®' performed on the same kind of Pd nanocubes but with smaller size (13
to 29 nm) and measured only at 246 K. There it was found that the absorption
isotherms exhibit flat plateaus and that they are consistent with a coherent absorption
process without coexistence of two phases. The size dependence of the absorption
plateau pressures was explained by coherency strain induced by a subsurface hydrogen
layer. In a follow-up study by the same authors®, the hydrogen absorption process was
directly visualized in the environmental scanning TEM for an extended particle size
range (15 to 80 nm). The authors suggest that the coherent phase transition during
hydrogen absorption prevails even for particles, which are at least 80 nm. The reason
for this surprising result (surprising due to the very high energy barrier predicted for a
coherent phase transformation in such large particles'®’) is that the hydride phase
nucleation and growth process does not follow the spherical shell mechanism
previously suggested®', but rather a “hydride cap” is formed that grows across the
crystal and creates a linear interface between a-and B-phases. Consequently, it is less
energetically costly to maintain a coherent interface between a-and p-phases even for
nanoparticles larger than 35 nm and dislocation formation is not triggered. This is in
line with a recent mean field model'*, which captures quantitatively most of the latest
work on Pd nanoparticles and from which robust and generic patterns regarding the
size dependence of the hysteresis during hydride formation in Pd nanoparticles can be
extracted. The model proposes coherent hydrogen loading process but an incoherent
unloading process. The results of our work presented in Paper III and Paper IV
corroborate this model in terms of the dominant role of elastic lattice strain in the
hydrogen absorption process in Pd nanoparticles.

3.4 Nanoplasmonic H sensing of metal hydrides

Recently, the interest in studying the Pd-H thermodynamics and kinetics by means of
nanoplasmonic sensing has advanced from conventional thin films and arrays of Pd
nanostructures to the single particle level. However, the investigation of a small Pd
nanoparticle on its own is complicated by its low scattering efficiency, and by large
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intrinsic damping that broadens its resonance profile® and prohibits the use of dark-
field scattering spectroscopy otherwise typically used for single particle experiments.
These issues may be overcome by the concept of the plasmonic nanoantenna, which
can significantly enhance nanoscale optical effects. The principle is that the antenna
unit should be able to detect changes experienced by the nanoparticle of interest. In
case of H, absorption in a Pd nanoparticle, there are two pronounced effects, namely,
alterations in both structural (lattice expansion) and electronic properties (change in
dielectric function) of the nanoparticle.'”’ These changes can be detected through the
coupling between the plasmonic antenna and the H-absorbing particle.

The first attempts on single particle sensing of the hydrogenation process by means of
nanoplasmonics were made by Liu ef al.” and Shegai et al.”’ Both studies were aimed
at lithographically fabricated single Au-Pd heterodimer arrangements such as Au
triangle — Pd disc and Au cone with Pd or magnesium (Mg) particle on top,
respectively. Although the two approaches demonstrated powerful constructions of
well-organized nanostructures at surfaces, they did not provide deeper insight to the
understanding of the corresponding physics of the M-H interactions. The concept of
nanoplasmonic hydrogen sensing was taken one step further in this thesis as
demonstrated in Papers III and IV, where the influence of size, shape and defects on
hydride formation thermodynamics is studied on individual single- and polycrystalline
Pd nanoparticles.
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4 NANOFABRICATION

Nanofabrication is the process of making functional structures with at least one
dimension that has the size of 100 nm or less. Ever since it has evolved from
microfabrication, a large number of different nanofabrication methods have been
developed. Generally, one can distinguish two fabrication approaches known as “top-
down”, when bulk material is cut, milled and shaped into desired nanostructures with
the help of externally controlled tools; and “bottom-up”, where nanostructures are
built using chemical and physical properties of atoms, molecules or colloidal particles
to self-assemble into useful conformations. These two approaches, in turn, can be
divided into three major classes in terms of patterning the final structure: pattern
writing, pattern replicating and self-assembly techniques. Each of these classes will be
briefly described below.

4.1 Pattern writing techniques

These techniques allow “writing” of the structures on the surface with high flexibility
in terms of structural shapes and patterns. Charged beams of ions (in focused ion beam
lithography) or electrons (in electron beam lithography (EBL)) can be focused into
extremely small volumes to perform structuring of the bulk material either by
exposure of energy-sensitive polymer resists or by removing material directly. The
current resolution limit of these two methods is of the order of 5 - 30 nm. In scanning
probe-based lithographies (SPL), which include several techniques (e.g. lithographies
based on STM, AFM, spin-polarized STM and dip pen nanolithography), the
microscopic or nanoscopic stylus moves mechanically across the surface to form
structures with sizes less than 5 - 10 nm. It is in some cases with SPL possible to
manipulate individual atoms. The key limitation of these pattern-writing techniques is
a very low throughput, which is accompanied by expensive and complicated
equipment. '*

4.2 Pattern replicating techniques

The common feature of these methods is that they all use templates or masks in order
to reproduce predefined micro/nanostructures. In photolithography (PL) the mask is
patterned by irradiating photons onto a layer of photoresist coated on the substrate
surface, which is thereafter developed to form planar structures. Nano imprint
lithography is a method where nanopatterns are created using mechanical deformation
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of imprint resist (typically, nanoimprinting polymers can be cured by heat or UV light)
and subsequently processed to remove excess material (e.g. demolding or etching)). In
ion projection lithography (IPL) and electron projection lithography, a broad ion
(hydrogen or helium) beam or electron beam is projected through a stencil mask to
expose the resist material. As opposed to pattern writing techniques, these methods are
characterized with high throughput of structured surface. Their resolution limits are
quite reasonable and steadily pushed forward (currently, well below 100 nm).
However, these methods have low flexibility if tuning of the structure parameters is
required, because every new configuration has to be done with a new mask or
ternplaltfg. For example in IPL, the masks are also difficult to make, inspect and
repair.

4.3 Self-assembly techniques

The previously described two methods are top-down methods, and the available
fabrication tools always limit their resolution. On the other hand, self-assembly
techniques employ nature’s own ability to produce extremely complex living
organisms “from scratch” by self-organization and self-construction. The aim of these
techniques is first of all to achieve nanostructures in true nanoscale (molecule level)
and secondly (and as important as first) at low cost. According to a classification made
by Zhirnov et al'”:

- chemical self-assembly covers molecular-scale ordering of compounds with precisely
designed atomic architectures into more macroscopic structures;

- physical self-assembly concerns the ordering of atoms resulting from physical
deposition processes such as molecular beam epitaxy or chemical vapour deposition
(CVD);

- colloidal self-assembly refers to the processes by which nanoparticles aggregate into
clusters within the tens of nanometer to tens of micrometer range.

In this thesis, two types of nanostructures were fabricated and studied: the ones
nanostructured via colloidal lithography and the ones made by wet-chemical synthesis.
These techniques will be discussed in the following sections.

4.3.1 Colloidal Lithography

A large part of this thesis was dedicated to the development of nanofabrication
methods that are based on colloidal self-assembly or rather, colloidal lithography (CL)
in order to be able to build complex plasmonic nanostructures with a catalyst or
hydride-absorbing nanoparticle in the hot spot (Paper I) or core-shell nanostructures
comprising plasmonic nanoantenna encapsulated in the dielectric shell with catalyst
particles on top (Paper VI). CL uses particles synthesized via wet chemistry (e.g.
emulsion polymerization or sol-gel synthesis). These colloidal particles are
characterized by their ability to form large surface area 2D or 3D arrays with a certain
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level of order: from highly ordered closely packed patterns (often referred to as
“colloidal crystals”) to sparse monolayers with short-range order. These particle
patterns can be used for the development of evaporation or etching masks. CL has
attracted much attention due to its relative processing simplicity, low cost and
impressive flexibility. The resulting patterns can be controlled by simply varying
colloidal particle size, separation and processing conditions. Colloidal particles may be
synthesized with desired chemical or physical properties, in order to functionalize
them for intended purposes. Processing of CL patterns does not require advanced and
expensive tools. The parallel nature of the self-assembly process also makes it suitable
for patterning large sample areas (~ cm?). The feature size of resulting nanostructures
can be obtained with resolution of few tens of nanometers, and moreover several
shapes that are not trivial to produce with EBL can be easily achieved (e.g. cones,
hollow cylinders or rings and crescents). All these factors make CL a versatile and
cost-effective nanofabrication method. '**'%

4.3.1.1 Hole-mask colloidal lithography

Hole-mask colloidal lithography (HCL) is a CL variation developed by
Fredriksson et al.'”® The essential feature of this method is the presence of a sacrificial
layer on the substrate surface prior to deposition of colloidal particles. A thin film
layer evaporated on top of the colloidal particles (which are subsequently removed)
has motivated the name “hole-mask” for this method. The hole-mask is used for
evaporation and/or etching that defines parameters of the final structure, and then it is
removed with the help of the sacrificial layer in a lift-off process. HCL allows
nanofabrication with a broader range of materials and material combinations, and a
variety of new nanoarchitectures that can be easily realized as compared to other
versions of CL, e.g. nanosphere lithography and sparse colloidal lithography. '**'**

The specific HCL fabrication steps utilized in this thesis to prepare nanostructures on a
substrate are briefly summarized below and accompanied with a sketch for each step
(Fig. 4.1):

Step 1: Substrates are cleaned with step-by-step sonication in acetone, isopropyl
alcohol (IPA) and methanol. Step 2: Clean substrates are spin-coated with poly(methyl
methacrylate) (PMMA) and then soft baked on a hotplate. Step 3: The substrate with
the thin PMMA layer is etched shortly in oxygen plasma in order to reduce the
hydrophobicity of the surface. Step 4: Water-suspended positively charged
polyelectrolyte (poly diallyldimethylammonium (PDDA)) is dispersed on the surface.
The substrate is then rinsed with de-ionized water to remove excess of PDDA, and
dried with nitrogen flow. PDDA thus forms a very thin positively charged layer on the
PMMA surface. Step 5: A colloidal suspension of negatively charged polystyrene (PS)
particles is deposited on the surface. Here, the chosen size of the PS particles dictates
the diameter of the hole-mask and, consequently, the final fabricated structures.
Electrostatic repulsion between the PS particles and attraction between PS and the
PDDA-treated surface, respectively, creates an amorphous (no long-range order) PS
nanoparticle array. Step 6: A thin film of a material, which is resistant to reactive

39



oxygen plasma etching, typically Au or chromium (Cr), is evaporated to form the
mask layer (10 - 20 nm thick). Step 7: After mask deposition, the PS particles are
“stripped” away with tape, which leaves nanoholes in the plasma-resistant film layer
(“hole-mask™). Step 8: Reactive oxygen plasma etching is applied to selectively
remove the exposed PMMA layer below the holes. The etching creates a partial
undercut in the PMMA as clearly seen in the corresponding SEM image in Fig. 4.1f.
The depth of the undercut varies with applied etch time and also depends on the size of
the PS particles used. Step 9: At this stage, the processing route of HCL can take
different directions in order to achieve various nanostructure shapes. For example,
nanodiscs can be obtained by simply depositing material through the hole-mask at
normal incidence (Fig. 4.1a). Nanocones can conveniently be made if the evaporation
is continued until the holes in the mask completely close due to the shrinking of the
hole as material is deposited on the rims of the holes (Fig. 4.1b). Nanodisc dimers are
obtained by evaporation of the material at two opposite angles from the surface normal
(Fig. 4.1c). Note, that due to the hole shrinking when material is deposited on the
edges, in this case, it will result in uneven size distribution of nanodiscs in each pair.
In order to have even size of the discs in each pair, the angle of evaporation has to be
alternated every 5 nm of deposited material.

O, plasma etching

a
Step 1-5 \ 7
OPs [@Cr 5] N N
[C1PDDA [ Tape | b
D PMMA D Au | —
[Jsubstrate VIR I PRV
Step 9

Figure 4.1. Schematic illustration of the generic HCL evaporation mask fabrication
steps 1 - 8. The possible routes after these initial 8 steps in HCL are to, for example,
either make: (a) nanodiscs, (b) nanocones or (c) nanodisc dimers in step 9. (d) Top-
view SEM image of the sample structure before and (e) after tape stripping. (f) SEM
image of the sample cross-section after plasma etching showing the characteristic
under-etching of the PMMA resist layer. The scale bar in all SEM images is 200 nm.

4.3.1.2 Shrinking-hole colloidal lithography

Shrinking-hole colloidal lithography (SHCL) is a new variation of CL that I have
developed and is covered in full detail in the appended Paper 1. SHCL is a further
development of HCL technique, and it provides unique possibilities for fabrication of
self-aligned complex multimaterial nanostructures that are interesting for plasmonics
and catalysis applications. In brief, SHCL utilizes the effect of the shrinking hole that
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arises from deposition of the material through the holes in the mask prepared by HCL.
When material is deposited through the holes in the mask, it builds up not only on top
of the mask but also on the rims of each hole, thus causing the shrinking of the holes in
the mask layer. Three approaches were developed in order to achieve the shrinking-
hole effect and these utilize sacrificial materials such as C and Cr. These strategies are
described below:

C cone approach

This approach is illustrated on the example of an initial Au nanodisc dimer structure
(prepared by HCL), to the gap of which a catalyst particle (e.g. Pd) is “delivered”.
Step 10: C is e-beam evaporated at normal incidence through the hole-mask and forms
a cone due to the successive shrinking of the nanoholes of the mask upon C deposition
onto the rims of the hole. The rate and the thickness during C evaporation are carefully
controlled to make sure that the holes in the mask do not close completely in order to
provide enough space for subsequent deposition of the material that will form the
particle to be delivered to the antenna hot spot. Step 11: the particle material (here, Pd)
is deposited directly after C at normal incidence through the small hole that is left from
the previous step. In this way it forms a small particle on top of the sacrificial C cone
structure (Fig. 4.2a). The diameter of the particle is controlled by the thickness of the
evaporated C layer (cone height). Evaporating C and/or particle material at a small
angle from the normal will, additionally, result in a tunable lateral particle position
(Fig. 4.2 e&f vs. g&h). Step 12: the sample is placed in acetone to dissolve the PMMA
layer in a lift-off together with all the excess material on top. Step 13: the sacrificial C
cone is etched away in mild oxygen plasma. The oxygen radicals thereby attack the C
cone uniformly from all directions, such that the particle is delivered into the gap of
the gold dimer as illustrated in the sequence of SEM images in Fig. 4.2a-d. The C cone
approach works well for delivering the particle of interest into the gap of the nanodisc
dimer. The drawback (or equally advantage if an oxide particle is to be delivered) of
this method is that oxygen plasma etching, which is used to remove the C, also may
oxidize the particle or nanoantenna material (for example when Ag is used).

Cr cone approach

In order to eliminate the issues related to unwanted oxidation, Cr can be used as an
alternative sacrificial nanostructure material in a second version of SHCL. To illustrate
this approach, instead of an Au nanodisc dimer, a single Au nanodisc is used as the
initial nanoantenna structure. Step 10: as shown in Fig. 4.3a, Cr is deposited at normal
incidence instead of C to form the sacrificial cone structure. In this way the diameter
of the hole in the mask, and thus the size of the final nanoparticle, can again be finely
adjusted via the hole-closing effect. Step 11: the material to form the second particle is
deposited at an angle from the normal (to avoid deposition onto the Cr cone) through
the tuned hole-mask to be delivered to the close vicinity of the antenna disc (Fig.
4.3b). Tuning of the particle evaporation angle will yield various particle positions
relative to the Au nanodisc. Alternatively, if e.g. a nanodisc dimer were the initial
antenna structure, one would deposit the Cr cone at an angle and then the particle
material at normal incidence to deliver the particle to the dimer hot spot. Step 12: the
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PMMA layer with excess material on top is removed by lift-off in acetone. Step 13:
the Cr cone is removed by dipping the sample in a liquid Cr-etch, leaving only the
antenna with a particle in the hot spot on the surface (Fig. 4.3c).

Deposition of carbon article
followed by particle material Dsubstrate D PMMA . Cr I:l Au - carbon . %atclarial

O plasma
Lift-off in acetone N Particles (e.g.Pd)

Al A :A:;:m:g:’ilﬁ/ﬁ ﬁ\ﬁ|

Step 10-11 Step 12 Step 13

&o oo|ee

Figure 4.2. Schematic illustration of the first SHCL nanofabrication strategy used
here for placing a small Pd particle in the gap of an Au nanodisc dimer by using a C
cone as the sacrificial particle transfer structure. (a-d) 70° tilted SEM images of a
sample made on a Si wafer substrate after 1, 2, 3 and 4 minutes in oxygen plasma,
respectively. Clearly, the homogeneous removal of the sacrificial C structure by the
oxygen plasma is seen with the consequent “delivery” of the Pd particle in the
antenna gap. (e&f) SEM images of Au nanodisc dimers with different gap sizes and
with a Pd particle in the gap. (g&h) SEM images of Au nanodisc dimers with a gap of
30 nm, and with small Pd particles with two different sizes (21 nm and 10 nm) placed
at different lateral positions and in the gap. The scale bar in all SEM images is
100 nm.

This second SHCL approach, which exploits a sacrificial Cr cone, is very efficient and
straightforward to implement. However, also in this case there are a number of
limitations in the range of materials that can be used for nanoantenna structure and
particle material, dictated by the compatibility with Cr-etch. Moreover, concerns may
arise about possible contamination of the sample from the wet etch step, e.g. when
catalytic/chemical processes on the formed particle are of interest.
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Figure 4.3. Schematic illustrations of the second (Cr-cone, left) and third (Cr-funnel,
right) SHCL nanofabrication strategies used here for placing a Pd nanoparticle next
to a Au nanodisc antenna or in the gap/hot spot of a Au dimer, respectively. (a)
Sacrificial Cr-cone strategy: Cr is deposited at normal incidence to shrink the hole in
the mask and forms a cone on top of the Au antenna. When the desired hole-size has
been reached, the second particle (here Pd) is deposited through the mask at a small
angle from the normal. After lift-off to remove the mask, the sacrificial Cr cone is
removed using a liquid Cr-etch. (b) SEM image of a Cr cone with a Au nanodisc
underneath and a small Pd particle next to it. (¢) SEM image of a Au nanodisc and
smaller Pd particle next to it after the Cr-etch step. (d) Sacrificial Cr-funnel strategy:
Cr is deposited at a large angle form the normal with continuous sample rotation to
form a funnel while shrinking the hole in the mask. In this way the Cr is deposited only
onto the mask and onto the walls of the (underetched) PMMA resist layer in the hole,
i.e. no Cr is deposited onto the sample surface. Therefore all the excess material can
be removed directly during the final lift-off and no reactive or wet etch is required. (e)
SEM image of a sample cross-section before lift-off. The sample features Ag nanodisc
dimers with a Pd particle in the gap. (f) Representative SEM image of a Au nanodisc
dimer with a Pd particle in the gap fabricated using the Cr funnel approach. The scale
bar in all SEM images is 100 nm.

Cr funnel approach

As a solution to overcome all the concerns with the previous two approaches, there is a
third option that, as the only additional requirement, relies on an e-beam evaporation
system, which features sample tilt and rotation simultaneously during deposition. In
this way it is possible to eliminate any etching step by again employing Cr to grow a
sacrificial structure to tune the diameter of the hole in the mask. Now, however, it is
deposited onto the hole-mask at a large angle and with continuous rotation of the
sample. In this way, owing to the significant under-etching of the PMMA in the hole-
mask, a Cr funnel structure is grown around the nanoantenna in the hole (Fig. 4.3e).
The Cr is deposited until the hole in the mask decreases sufficiently for the desired

43



diameter of the particle to be delivered to the antenna (step 10) and then the particle
material is deposited through the remaining hole either orthogonally to the surface or
at an angle to control the lateral position with respect to the nanoantenna (step 11).
Given that the angle of Cr evaporation is chosen appropriately (which exact angle to
use depends on the size of the initial hole of the hole-mask and on the PMMA
thickness), it will be deposited only on the walls of the PMMA layer (i.e. not onto the
sample surface itself), such that all the sacrificial material can be removed directly
during the lift-off in acetone (step 12), and without having to use the Cr-etch at a later
step. Hence, any incompatibilities with oxidation-sensitive or non-wet-etch-resistant
materials are completely eliminated, as well as the risk for contamination. At the same
time the flexibility to build complex polymaterial nanoantenna structures in a
completely self-aligned way is retained.

In this way, by exploiting sacrificial materials that are deposited in order to shrink the
hole in the mask and then are removed afterwards, it is possible to fabricate complex
nanostructures consisting of several nanoparticles of different materials and/or of
different sizes. See, for example, a selection of nanostructures that can be fabricated
with the SHCL method in Fig. 4.4. In addition, the method is self-aligned in nature and
thus allows precise control over the particle sizes and the distances between the
particles (i.e. gaps). Since the method is a derivative of the HCL method, it preserves
the ability of patterning large areas (few cm?”) with aligned complex nanostructures
(Fig. 4.5).

Figure 4.4. A selection of nanostructures that can be made with SHCL: (a) a Au
nanodisc dimer with a Pd particle in the gap, (b) a Au nanodisc with a smaller Pd
particle on its side; (c) a cascaded Au nanodisc trimer; (d) a Au nanodisc with a
smaller Pd and aluminium oxide (Al,O;3) particle on each side; (e) a Au nanodisc
dimer covered with a thin silicon oxide (SiO,) layer (deposited by chemical vapour
deposition) prior to placement of a small Pd nanoparticle in the dimer gap; (f) an
asymmetric Au nanodisc dimer with a small Pd nanoparticle in the gap; (g) a
cascaded Au nanodisc trimer with a small Pd nanoparticle in one of the gaps; (h) a
symmetric Au nanodisc trimer with a small Pd nanoparticle in one of the gaps.
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Figure 4.5. Overview SEM image at low magnification showing the quasi-random
arrays of nanoantennas (here Au element with adjacent smaller Pd element) that lack
long-range order. Note the excellent yield of small Pd elements.

4.3.1.3 Fabrication of core-shell nanostructures with HCL

HCL was developed further in this thesis to enable the nanofabrication of arrays of
core-shell nanostructures on surfaces with a high level of flexibility in terms of
possible material combinations, which is challenging for other methods such as
colloidal synthesis. Typically, the targeted nanostructures consist of a metal core and
an external shell layer(s) that are of different chemical composition(s). The main
motivation for me to create such systems is the possibility to combine distinct
properties of different materials in one nanostructure, as a first step towards hybrid
systems that achieve new functionalities by concerting the different materials in a
constructive way. This concept can be of high importance in a variety of applications
such as catalysis, optics or electronics. Full details of the fabrication method are
covered in Paper VI. In brief, two strategies for fabrication of surface-associated
arrays of core-shell nanostructures were developed using a soft (a) and hard (b)
sacrificial layer. Specifically, a soft layer is comprised of PMMA polymer, and a hard
layer is a Cr thin film. The two routes are similar, and the only difference is that in
case of the soft layer, it is deposited first onto the cleaned substrate and then the
patterning with PS particles starts. In the hard sacrificial layer route, the deposition of
PS is instead done directly on the substrate and only thereafter the sacrificial Cr layer
is deposited.
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The following is a description of each fabrication step for both versions of the
developed nanofabrication (Fig. 4.6 and 4.7):

Step 1: Substrates are cleaned with step-by-step sonication in acetone, IPA and
methanol. Step 2 (a): PMMA is deposited by spin-coating. The thickness should be
lower than in usual HCL, i.e. less than 100 nm (depending on PS size), in order to
facilitate shell layer deposition at later steps (for easier penetration of reactants in the
holes during ALD or PECVD). Thereafter the PMMA is soft-baked on a hotplate and
shortly etched in O, plasma in order to reduce the hydrophobicity of the surface. Step
2 (b) or Step 3 (a): Water-suspended positively charged polyelectrolyte (PDDA) is
dispersed on the surface, to form a very thin positively charged layer on the sample
surface. Step 3 (b) or Step 4 (a): A colloidal suspension of negatively charged PS
particles is deposited on the surface. Here, the chosen size of the PS particles dictates
the diameter of the holes in the hole-mask and, consequently, the final fabricated
structures. Electrostatic repulsion between the PS particles and attraction between PS
and the PDDA-treated surface, respectively, creates an amorphous (no long-range
order) PS nanoparticle array. Step 4 (b): A thin film of Cr is evaporated on top of PS-
covered surface. Step 5: A thin film of a material, which is compatible with O, plasma
etching and lift-off in acetone and/or Cr wet-etch (e.g. Au, but can be Cr for route a),
is evaporated to form the mask layer (10 - 20 nm thick). Note, that the combined
thickness of sacrificial Cr/PMMA layer and Au mask has to be 20 — 30 % smaller than
diameter of the PS, in order to ensure the successful tape stripping of the PS beads.
Step 6: After mask deposition, the PS particles are “stripped” away with tape, which
leaves nanoholes in the wet-etch/oxygen-plasma-resistant film layer (“hole-mask”).
Note that in case of the hard sacrificial layer, after tape stripping, the size of the holes
becomes larger than initial PS size typically by 10 — 30 % due to Cr/Au material
closest to the edges of the holes being stripped away together with PS. It is possible to
avoid the enlargement of the holes by depositing sacrificial Cr layer and Au mask by
rotational evaporation at an angle from the surface normal (instead of surface normal
deposition), since in this case material is deposited under the PS beads. This results in
holes in the mask, which are smaller than the PS sphere diameters. Step 7 (a): In case
of the soft PMMA layer a reactive oxygen plasma etching is applied to selectively
remove the exposed PMMA below the holes. The etching creates a partial undercut in
the PMMA. Step 7 (b): After tape stripping the hole pattern already extends down to
the substrate surface in case of the hard sacrificial layer, however it is necessary to
create an undercut in the Cr layer for subsequent shell-layer deposition in order to
ensure that the shell covers the metal core from all the sides. Therefore, the sample is
immersed in Cr wet-etch solution diluted with deionized water for a short time (from
30 s up to several minutes). The depth of the undercut varies with applied etch time
and also depends on the size of the PS particles used. Also note, that one of the reasons
why the PS beads have to be deposited directly on the substrate surface as opposed to
deposition on top of sacrificial Cr layer similar to standard HCL processing with
PMMA, is the isotropic etching profile with Cr-wet-etch solution. In contrast to
directional etching with O, plasma of PMMA, the use of wet-etch solution for
undercut of hole-mask on top of sacrificial Cr layer will result in collapsing of the

46



mask due to isotropic etching. Step 8: Nanodisks are obtained by evaporation of the
material through the hole-mask. Note that the thickness of Ct/PMMA layer limits the
thickness of the targeted disk, which can be subsequently covered by a shell layer.
Step 9 (a): A dielectric layer is deposited through the hole-mask by a method, which is
compatible with PMMA (i.e. doesn’t involve high T or harsh oxidizing plasma
conditions). For example, plasma enhanced CVD at room temperature. Step 9 (b):
Alumina is deposited through the hole-mask by plasma ALD. In this particular ALD
system that we used, the successful ALD deposition of alumina through the hole-mask
was possible with thin enough combined thickness of Cr layer and Au mask (i.e. 30 +
15 up to 40 + 20 nm), as well as big enough hole size (i.e. PS 60 nm up to PS 140 nm).
Potentially one can improve the results by increasing cycle time of ALD, which might
help the precursors to penetrate smaller holes in the mask more efficiently. Step 10:
In case of the soft sacrificial layer, any material that tolerates lift-off in acetone can be
deposited through the hole-mask. In case of the hard Cr layer, it is important to
consider materials that are resistant to Cr-wet-etch. Here, a very thin layer (0.5 — 2 nm)
of Pt/Pd is deposited through the hole-mask, which forms a granular film that can be
subsequently transformed into single crystal clusters with average diameter from 3 to
12 nm by high temperature annealing. Step 11 (a): PMMA layer with excess material
on top is removed by lift-off in acetone. Step 11 (b): The hard Cr mask and the excess
material on top of it are removed by immersing the sample in concentrated Cr wet-etch
solution, which can be heated to 50 °C on the hotplate to speed up the lift-off. Note
that the Cr wet-etch will also slowly etch the ALD alumina layer with approximate
rate of 1 nm/hour at room T and ~ 8.5 nm/ hour in 50 °C heated solution; therefore it is
not advisable to leave the sample in the wet-etch for a long time.

Soft (a) sacrifcial layer route Hard (b) sacrifcial layer route
Step1-4 Step 5 Step1-3 Step4 &5
O, plasma etching Cr wet-etching
Step 6 Step 7 Step 6 Step 7
Step 8 Step 9 Step 10 Step 11
[] PDDA OvPs B Tape B Ag M catalyst
[ ]substrate [l Cr/ PMMA mask, e.g. Au ] ALD/PECVD dielectric

Figure 4.6. Fabrication scheme for arrays of core-shell nanostructures based on a
soft (left) and hard (right) sacrificial layer route. Details for each step are described
in the text.
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Figure 4.7. Schematics of different stages of the core-shell particle array
nanofabrication with corresponding top-view SEM images: (a) nanodisk metal cores
comprised of Ag (blue), Au (yellow), Al (green) and Ni (light blue) (however, can be
any other material that can be deposited by evaporation); (b) a metal core is
encapsulated by a thin dielectric layer, here for example, alumina (dark green) grown
by ALD. Final result with small Pd nanoparticles (black) on top of core-shell
nanostructures with (c) alumina (dark green), (d) silicon nitride (magenta) and (f)
titania (orange) constituting dielectric shell layer. In (e) we show that it is possible to
deposit any other material that can be deposited by evaporation on top of the core-
shell nanostructure, here Pt (light purple). Insets in the right upper corner of c-f show
top-view SEM images of corresponding sample with small Pd or Pt nanoparticles
clearly visible on top and around single core-shell nanostructures. Note that each
sample was annealed before SEM at 320 °C for 6 h in 4 % H, in Ar. Scale bar in all
SEM images is 100 nm.

4.4 Wet-chemical synthesis of metal nanoparticles

This section concerns fabrication methods that are completely different from the ones
discussed previously in this chapter. It is about the growth of solid metal nanoparticles
via chemical reactions in a liquid reaction medium. The two approaches, i.e. “top
down” and “bottom up”, discussed in the beginning of the chapter, are also applicable
to the wet-chemical synthesis of colloidal metal particles. The first one involves
breaking down bulk metals to obtain metal particles, which have to be stabilized with
protecting agents in order to preserve the obtained particle shape and avoid aggregates.
The method is versatile for fabrication of a wide range of metal colloids; however, it
requires complicated machinery that is difficult to adjust so that narrow particle size
distributions can be achieved. The second, “bottom up” approach, which is more
widely used, involves the following methods:

1) Chemical reduction of metal salts, which is done at the embryonic stage of the
nucleation to obtain metal atoms of zero valences that can collide in solution with
further metal ions/atoms/clusters and form irreversible “seeds” of stable metal
nuclei.

2) Electrochemical synthesis of metal nanoparticles comprises several steps, which
involve oxidative dissolution of a sacrificial bulk metal anode to metal ions that
reductively form zero-valent metal atoms at the cathode, and then proceed to
further form metal particles via nucleation and growth.

3) Controlled decomposition of metastable organometallic compounds is associated
with transition metals. Both organometallic complexes and, in some cases,
organic derivatives of the transition metals can be decomposed into short-lived
nucleation particles of zero-valent metals with the help of heat, light or
ultrasound. The nucleation particles are then stabilized using colloidal protective
agents.
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4) Preparation in micelles, reverse micelles and encapsulation, is related to the use
of colloidal self-assemblies (e.g. micelles, water-in-oil reverse micelles, vesicles),
which serve as amphiphilic “microreactors” to trap metal ions that upon
introduction of reducing agents can form metal particles.

Similar to the “top down” case, a variety of stabilizing agents, e.g. donor ligands,
polymers and surfactants, has to be applied to the “bottom up” produced nanoparticles,
in order to control their growth and to prevent agglomeration. There are two different
modes of particle stabilization, i.e. electrostatic and steric. Electrostatic stabilization
employs Coulomb repulsion between particles, which is caused by electric double
layer formation of species (e.g. carboxylates, polyoxoanions) adsorbed at the particle
surface and the corresponding counter ions. Steric stabilization is usually achieved by
the use of macromolecules (e.g. polymers, oligomers) that adsorb on the particle
surface and thus provide a protective shield. There is also a third mode of stabilization,
which is the combination of the above two modes and is called electrosteric
stabilization. It is achieved by the use of ionic surfactants that are characterized by a
polar head group capable of creating an electric double layer, and a lypophilic chain
that provides steric repulsion.

Wet-chemical synthesis is a powerful toolbox to obtain nanoparticles in a wide range
of material, shape and size (down to 1 - 100 nm) in both water (hydrosols) and organic
solvents (organosols). Prepared nanoparticles can easily be dispersed on supports
characterization and applications. The main concern with wet-chemically synthesized
nanoparticles is that experiments have to be carefully designed and take into account
the presence of surfactant molecules covering the particle. The surfactant might hinder
the activity and cause unwanted response of the particle by “blocking” the surface.
Thus, it is important to establish proper cleaning procedures to remove surfactants,
while preserving the particle properties, e.g. shape, size and composition. '*>'*®

The Au-Pd heterodimers investigated in this thesis were made using a new
electrostatic self-assembly process developed by our collaborators in the Moth-
Poulsen group at Chalmers (Paper II). While plasmonic Au spheres were purchased
from Sigma Aldrich and used as received, the Pd particles of different sizes and shapes
were synthesized by adapting procedures described in the literature'’""*”'®, Briefly,
the method for Pd particle synthesis comprised a chemical reduction of the metal salt
(hydrogenchloropalladate (H,PdCls)) with ascorbic acid in aqueous solution of a
surfactant material (cetyltrimethylammonium bromide (CTAB) or chloride (CTAC)).
The Pd seeds obtained this way were further used to make cubes of larger sizes (or
other shapes) by means of seed-mediated growth. Fig. 4.8 represents a selection of
various heterodimer structures that can be obtained with this approach.
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Figure 4.8. A selection of the heterodimer structures that can be made via wet-
chemical synthesis and electrostatic self-assembly (Paper II): (a) a Ag sphere with a
Pd cube; (b) a Au sphere with a Au cube; (c) a Au sphere with a Pd octahedron;
(d) a Au sphere with a Pd rod; (e) a Au sphere with a Pd cube; (f) two Au spheres with
a Pd cube in-between, (g) a Au sphere with a Pd tetrahedron; (h) a Au sphere with a
Pd dodecahedron. The scale bar in all SEM images is 100 nm.
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5 FABRICATION TOOLS

As discussed in the previous chapter, the nanostructures were produced by
implementing a new SHCL method and further development of the generic HCL
platform. These methods involve various processing techniques, and this chapter gives
an overview of the tools and processes that were used.

5.1 Spin coating

Spin coating makes it possible to achieve uniform films, with well-controlled
thickness, of a material that can be dissolved in a solvent (e.g. polymers) on the
surface of the substrate. In spin coating, typically, few droplets of a fluid (usually a
solution of polymer in a solvent or a colloidal suspension) are deposited on the centre
of the substrate that is subsequently subjected to a high-speed rotation. The rotations
make the fluid spread by centrifugal force to the edges of the substrate, and eventually
a uniform thin film is formed on the surface. Film thickness and quality of the coated
film depend on the fluid properties (composition, viscosity, wetting, solvent
evaporation rate), properties of the substrate (surface roughness, wetting) and
conditions of the spinning process (spin speed, acceleration time, exhaust conditions).

The next step after dispensing is rotational acceleration leading into the typical final
speed range of 1000 - 6000 rpm. The exact speed should be chosen considering the
properties of both fluid and substrate. Other factors that affect evaporation rate and
consequently, film thickness, are turbulence and ambient humidity. Spinning is usually
performed in a closed spinner bowl environment to reduce the effect of airflow around
the spinning substrate and also to maintain full exhaust during the spinning. After
spinning, the substrate is usually baked at temperatures in the range of 100 to 250°C to
remove the solvent and to leave only the film of the resin material on the surface.'”

5.2 Plasma etching

Plasma can be considered as a fourth state of matter along with solid, liquid and gas,
although its properties are similar to the gas state. Plasma consists of atoms,
molecules, radicals, ions, neutrals and free electrons. It is locally polarized but the
number densities of positive and negative charges are equal on average. In micro- and
nanofabrication plasma is widely used for deposition and etching processes.
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In this thesis, all plasma processes were performed in the commercially available
system Plasma Therm BatchTop PE/RIE m/95. It is a reactive ion etching (RIE)
system that operates at radio frequency (RF 13.56 MHz) and has a maximum power of
500 W and pressure up to 500 mTorr. The main chamber is pumped by a turbo pump
and a mechanical roughing pump. Inside the chamber there is a bottom electrode
(cathode) where samples are placed. The cathode is capacitively coupled to a radio
frequency (RF) generator and is water-cooled. The top electrode (anode) and the
chamber walls are grounded. The plasma is generated by applying glow discharge
between two electrodes to the gases that are supplied through the gas inlets. The
process gases include O,, CF4, Ar and H,. A strong electromagnetic field causes the
gas molecules to be stripped of electrons and become ionized, and thus, plasma is
created. After plasma ignition, due to the fact that electron mobility is much higher
than the mobility of ions, the cathode acquires negative charge and the sample placed
on top of the cathode is exposed to positive ion bombardment. At the same time there
are also plasma-generated reactive species that diffuse and adsorb on the surface of the
sample, where they form highly volatile compounds. The volatile reaction products are
desorbed into the gas phase. This process is greatly accelerated by ion bombardment
via sputtering. The volatile reaction products are then pumped out from the system.
Thus, the etching in the plasma system occurs simultaneously via two mechanisms:
physical — by ion bombardment, and chemical — through the chemical reaction
between sample material and reactive species of the plasma.'**2°%2!

In this thesis, O, plasma etching was used in order to remove the sacrificial polymer
layer utilized for sample fabrication with HCL, as well as for removal of sacrificial C
cone structures in SHCL. As mentioned earlier, the etching can be quite a harsh
process that can change properties of materials exposed to it. Care should therefore be
taken in the duration of etching with O, plasma since it may oxidize the particles such
as Pd or Pt, which is not desirable if the oxide cannot be removed without harming the
entire structure. For example, as can be seen from SEM images taken from the
synthesized Pd cube before and after O, plasma cleaning (Fig. 5.1), long exposure
times can affect the surface of the particle. In this case, the appropriate cleaning
procedure to remove/reduce the oxide could be for example flushing the sample with
H, gas at slightly elevated temperature.

H, plasma etching, due to its reducing rather than oxidizing nature, was utilized for
cleaning the wet-chemically synthesized particles from surfactant material covering
the particles used in this work. We also found that it was more efficient in this respect,
compared to oxygen plasma.
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Figure 5.1. SEM images of a synthesized Pd cube (a) before and (b) after 7 min of O,
plasma treatment. The small features that appear after plasma treatment around the
Pd cube are presumably indicators of oxidation. The scale bar in SEM images is 100
nm.

5.3 Vacuum deposition of materials

Vacuum deposition is a physical vapour deposition (PVD) process. The source
material is heated thermally, which causes atoms or molecules from the source to
travel directly to the substrate where they form a thin film of vaporized material by re-
condensing on its surface. The vacuum conditions allow the particles to reach the
target sample without (or very few) collisions with residual gas molecules in the
deposition chamber. Such a process requires a good vacuum in order to obtain a long
mean free path between collisions; although, at such pressure there is still a lot of
residual gases that can contaminate the film by impinging on the substrate during
deposition. In order to get films with high purity it is important to use high (10”7 Torr)
or ultrahigh (< 10™ Torr) vacuum.

The thermal vaporization source is one of the simplest sources to produce vapours of
materials. As the name suggests, it is a source where thermal energy is used to produce
the vapour of the deposited material. There are several common heating techniques for
such evaporation, which include resistive heating, high-energy electron beams, low
energy electron beams, and inductive heating. In this thesis, resistive heating and e-
beams were used and these techniques will be described below.

5.3.1 Resistively heated sources

Materials that vaporize at temperatures below 1500 °C can be heated to sufficiently
high temperatures by passing high electric current through a filament container (with
source material), which has finite electrical resistance. There are several requirements
on such an evaporation source. First of all, the source simply has to be able to contain
the source material and prevent it from falling from the heated surface. The reason is
that many materials become liquid at the temperatures that are required to get
reasonable deposition rate. The source has for such purpose, typically a form of a
container (crucibles, boats, baskets, wires, etc.) and can also have a wetting surface,
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which allows good thermal contact between the hot surface and the material being
vaporized. There are also other materials that instead of evaporating get sublimated
(e.g. Cr, C, Mg, Pd, cadmium (Cd), arsenic (As)), which means that they do not melt
or flow, and for such materials a rod type source can be used or the evaporant material
can be in powder or tablet form, which in turn is placed in suitable container. Another
requirement for the source is that it has to provide thermal energy to the evaporant at
high temperatures without extensively vaporizing itself. Finally, the most important
requirement is that the source has to be compatible with the evaporant, which means
that no extensive chemical reaction or alloying between the source and the evaporant
material is acceptable. Most common materials that are used as resistively heated
sources are tungsten (W), tantalum (Ta), molybdenum (Mo) or C, which are known to
have the highest melting points and lowest vapour pressures among elements. High
current connections to the source are usually made of materials that have high
electrical conductivity (e.g. Cu).****”

In the early stages of this thesis work, a commercially available Edwards 306
Evaporator was used for thermal evaporation of the hole-mask and Au nanodimers.
The fully automatic turbo-molecular pumping system of the Edwards gives a base
pressure of less than 5x107 mbar. The evaporator is equipped with a 4-position
resistive evaporation source and has a tilt stage, which allows high precision angle
evaporation. The sample is placed upside down on tiltable stage facing the evaporant
source, which is heated. An almost uniform film of material is evaporated all over the
chamber including the sample position.

5.3.2 Electron beam heated sources

Electron beam evaporation involves intense high-energy e-beams and it allows for a
wide variety of materials to be evaporated at high rate and with minimum consumption
of energy. As opposed to resistive heating evaporation, e-beam evaporation can also
be used for deposition of materials that evaporate at temperatures above 1500 °C such
as most ceramics, glasses, carbon and refractory metals, or in cases when a large
amount of material is needed to be evaporated.

Electrons are usually generated in a thermionic source or by ionizing gaseous atoms
and molecules, which act as a cathode. The evaporation material acts as the anode and
it is contained in a crucible that is usually water-cooled. When the e-beam hits the
surface of the material electrons start to interact with the atoms of the evaporant. As a
result, the kinetic energy of the electrons is converted into various forms of energy,
most of which constitutes thermal energy (~ 85 %). The thermal energy produced in
this way is used to melt or sublimate the evaporant to achieve a desired vapour
pressure. Another advantage of e-beam deposition is that the highest temperature of
the evaporation occurs only where the e-beam hits the evaporant surface. Therefore, if
the evaporant material can be melted, and a water-cooled copper crucible is used — the
melted material forms a “skull” of its own by solidifying itself near the interface of the
area that is hit by the e-beam. Thus, the melted material is contained in its own solid
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“mould”, which helps to avoid reaction of the evaporant with the crucible
material 2>

As can be seen in some of the SEM images in Paper I as well as in Fig. 5.2, there are
small particles visible around some of the Au nanodiscs (e.g., Figures la and 3a—h of
the Paper I). These small particles are Au particles, which are formed most likely due
to “splashing” that occurs when evaporated Au atoms/clusters traveling to the sample
substrate collide with the edges of the hole-mask, and therefore slightly change their
direction and end up off the main target area determined by the hole-mask. It is a
characteristic and inevitable feature in the cases when underetching of the mask is
present (also, e.g., when EBL double-layer resists are used). However the effect can be
reduced to some extent using e-beam evaporation rather than resistive evaporation

(Fig. 5.2).
ic

Figure 5.2. SEM images of the Au nanodisc dimers made (a) with resistive
evaporation and (b) e-beam evaporation. As can be seen the latter technique results in
smaller amount of Au “splashes” around the nanodiscs. (c) An SEM image of a pair of
Au triangles made by EBL (image courtesy of Joachim Fritzsche), where tiny
“splashes” of Au are also visible. The scale bar in all SEM images is 100 nm.

5.4 Chemical vapour deposition

Chemical vapour deposition (CVD) processing is widely used in micro- and
nanofabrication. CVD is a chemical process to produce thin films, where typically the
substrate is exposed to volatile precursors, which react and/or decompose on the
substrate surface to form the desired deposit. Chemical reactions occur both in the gas
phase and on the substrate surface. There are several types of CVD and in the
following I will describe the ones used in this thesis.

5.4.1 Plasma-enhanced CVD

Plasma-enhanced CVD (PECVD) is a film-deposition process, where the chemical
reactions involved occur after generation of plasma of the reacting gases. PECVD
reactors are similar to plasma etchers. Plasma is usually generated by RF field or
direct-current (DC) discharge between two electrodes, where the space between them
is filled with reacting gases. Processing plasmas are operated at pressures of a few
mTorr to a few Torr. Energy generated by the discharge is transferred to the gas
mixture, which transforms into reactive radicals, ions, neutral atoms and molecules.
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These species react with the substrate and, depending on the nature of their
interactions, either etching or deposition occurs on the substrate. With increasing RF
power the deposition rate increases, since more reactants are ionized and available for
reaction, however further increase can lead to lowering of the rate due to sputtering of
the formed film by ion bombardment. The main advantage of PECVD is the low
deposition temperature, since formation of the reactive and energetic species occurs in
the gas phase, and the substrate can be maintained at low temperature. The usual
PECVD operating temperature is around < 300 °C. However, the resulting film
properties are strongly temperature dependent. In particular, the hydrogen content is
known to increase with lowering of temperature, which makes the films less dense. In
PECVD process the deposition takes place everywhere, i.e. not only on the substrate
but also on the reactor walls and the electrodes, therefore it is common to perform
regular etching to remove these deposited layers from the chamber walls.'”’

A PECVD machine (Plasmalab 100/ICP180) from Oxford Instruments Plasma
Technology was used in this thesis for deposition of silicon nitride or oxide. For these
processes, silane gas (SiHy) is injected near the substrate in the process chamber.
Argon is ionized in the inductively coupled plasma (ICP) chamber. ICP is the type of
plasma source, where energy is supplied by electric current produced by
electromagnetic induction (i.e. time-varying magnetic fields). No electrode RF-power
is used in this deposition process, as kinetic ions would induce high compressive stress
in the deposited films. The exited molecules from the ICP dissociate the SiH4 and
enhance chemical reactions on the surface of the substrate. If molecular nitrogen (N,)
is added to the Ar in the ICP, silicon nitride is deposited on the substrate and on the
process chamber walls. The silicon nitride will likely not have a precise stoichiometry,
therefore, the film is usually denoted SiN,. If nitrous oxide (N,0O) is added to the Ar in
the ICP, silicon dioxide (SiO,) is deposited.

5.4.2 Atomic layer deposition

Atomic layer deposition (ALD) is the CVD method that allows precise atomic layer-
by-layer growth of conformal films on the substrate. In the ALD process, typically two
precursors are introduced to the substrate one at a time, where they reach monolayer
saturation on the surface. All excess precursor molecules and volatile reaction by-
products are removed from reaction chamber by the inert gas purge accompanying
each cycle. Precursors are never present simultaneously and react with the surface in a
self-limiting way, so that reaction terminates when all the surface sites are occupied.

Practical deposition rates are around 1 A/cycle, and cycle length can be different from
material to material. One cycle includes the time a surface is exposed to each precursor
(dose), as well as the flushing time for each precursor to evacuate the chamber (purge),
which gives a dose-purge-dose-purge sequence for binary ALD processes. Overall
rates are typically few nanometers per minute, which means that ALD is a very slow
method compared to PVD methods such as evaporation or sputtering. However, there
are many applications where very thin layers are needed and the quality of the films
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cannot be compromised. ALD allows producing very uniform thin films of wide
variety of materials with control of thickness down to atomic level. '****

In this work an Oxford FlexAl ALD system was used for deposition of AlL,O; at
substrate temperature ranging between 100 °C to 400 °C. The tool operates in two
modes: thermal ALD and plasma ALD. Precursors for Al,O;3 are trimethylaluminum
(TMA) and correspondingly H,O for thermal and O, plasma for plasma-assisted
processes.
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6 CHARACTERIZATION TECHNIQUES

6.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile technique that allows for imaging
of organic and inorganic materials with a resolution in the pm to nm range. The
examined area is irradiated by a focused electron beam, which can be swept across the
sample surface in a raster pattern. Several types of signals are generated when the
electron beam interacts with the sample: secondary electrons, backscattered electrons,
characteristic X-rays, transmitted electrons and specimen currents. The most common
operating modes of SEM use the signal from secondary and backscattered electrons to
form a high-resolution image of the examined sample area.””

Backscattered electrons are high-energy electrons that come from the beam and that
get reflected from the sample by elastic scattering. They give information about the
chemical composition of the sample as the intensity of the signal is strongly correlated
with the atomic number Z. Heavier atoms backscatter electrons more strongly than
light atoms and, thus, appear brighter in the image. Secondary electrons are ejected
from the outer shells of the sample atoms by inelastic scattering when interacting with
the e-beam. They have much lower energy than backscattered electrons and come
from within few nanometers of the sample surface and, thus, give good topographic
information. The three-dimensional-like image of the sample is obtained due to the
large depth of field of SEM (i.e. how much of the object under observation remains in
focus at the same time) and the good contrast between backscattered and secondary
electrons.

For conventional SEM imaging, there are several requirements. Besides being of
reasonable size to fit in the SEM chamber, samples should be conductive, at least at
the surface, in order to prevent charge accumulation. Another requirement is vacuum
condition during imaging to prevent spreading and attenuation of the e-beam. The
latter requirement complicates the investigation of samples that vaporize. However, in
cases when samples are non-conducting or vaporize, they can be covered with a very
thin layer of conducting material such as Au, Pt, Cr or C. Another way to solve these
issues is to use environmental SEM (ESEM) or SEM at low voltages, where no
coating is required. In ESEM, the sample is placed in relatively high-pressure
environment rather than in high vacuum. During such conditions, the e-beam starts
interacting with gas species. This results in positively charged ions, which neutralize
negative charges on the sample surface. For SEM at low voltages, typically field-
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emission gun (FEG) SEM machines are used, as they allow reasonable brightness and
contrast at low accelerating voltages. **°

In this thesis, all samples for single particle spectroscopy were fabricated on pieces of
a thermally oxidized Si wafer with the thickness of the oxide being 50 nm. The
presence of the thin oxide layer was crucial in order to perform dark field scattering
spectroscopy as explained in the Section 6.2.1. The oxide layer on the substrate was
the cause of SEM images having slightly lower resolution, compared to the case if
nanostructures would have been fabricated on plain Si. SiO, is a non-conducting
medium and it results in some charge build-up on the sample surface. However, since
it is quite thin, the effect is not as severe as it would be if samples were fabricated on
glass substrate (Fig. 6.1). Nevertheless, the image quality was sufficient to identify
suitable nanostructures, and make approximate estimates of nanostructure dimensions.

a

Figure 6.1. SEM images of two Au dimer nanostructures with a small Pd particle in
the gap made under identical conditions (i.e. in parallel) with the only difference being
the used substrate: a) thermally oxidized silicon (SiO, ~ 50 nm); b) regular silicon
wafer. The nanostructure on silicon is seen with much more detail and with better
resolution, as opposed to the one made on the oxidized silicon substrate, where the
thin non-conducting layer of oxide causes slight charge build-up and, thus, worsens
the image resolution. The scale bar in both SEM images is 100 nm.

6.1.1 Identification of SEM-imaged nanostructures in the optical
microscope

SEM was a key tool in this thesis in order to find and characterize individual
nanoantenna structures, which were further used in the single particle plasmonic
sensing experiments, thus allowing correlation of measured signals from the
nanoantenna structure and nanoparticle of interest with their appearance in SEM. To
find identified nanostructures in the optical microscope, where the plasmonic sensing
experiments were performed, after SEM imaging I developed the following procedure.
First, with the aid of a scribing pen, the sample was marked with one or two scratches
that were clearly visible in the optical microscope. Then SEM imaging was done
nearby one of the scratches, however not very close (at about 200 - 300 um distance),
since a scratch on the sample surface produces a lot of stray light in the optical
microscope, which would interfere with the plasmonic nanoparticle scattering signal
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Figure 6.2. The “map” for finding a particle in the optical microscope after SEM
imaging: a) SEM image at low magnification (145x) of the sample area near the
scratch (dark vertical line to the left); b) zoomed in view (235%) on an area marked
with a blue square in (a); ¢) zoomed in view (2000%) on an area marked with an
orange square in (b); d) zoomed in view (6000%X) on an area marked with a green
square in (c); e) optical microscope view of an area depicted in the SEM image in (d);
f) zoomed in view (26000%) on an area marked with a yellow square in (d) and (e).
Zoomed in view on the particle in a red square (f) can be found in Fig. 6.3.
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Figure 6.3. SEM image of two Ag spheres with Pd cube in between, that can be found
with the “map” constructed in Fig. 6.2 and is located in the red square of the panel f.

if the particle was too close to it. When a suitable nanostructure was found, it was
imaged at high magnification in order to be able to clearly see the structural details and
estimate the size of the particle. After this the nanostructure was imaged at several
decreasingly lower magnifications in order to create a “map” of the sample topography
that would step by step allow finding the particle of interest “from scratch” in the
optical microscope. Such a “map” is shown in Fig. 6.2 for a sample with spin-casted
wet-chemically synthesized heterodimers of Ag—Pd, where the map was made to find
the particle depicted in Fig. 6.3. Each part of the “map” in Fig. 6.2a-d has some kind
of feature that makes it possible to navigate on the sample surface in the optical
microscope. For example, there is a big scratch mark in the left part of Fig. 6.2a, few
dirt pieces in the left lower corner of Fig. 6.2b (which are probably small splinters
from the substrate after making a scratch mark), an even smaller piece of dirt in Fig.
6.2¢c, and then the ensemble of nanoparticles that create a unique pattern in Fig. 6.2d,
and that can be visible as a corresponding pattern of bright spots in the optical
microscope with dark-field illumination in Fig. 6.2e.

6.2 Transmission Kikuchi Diffraction

Transmission Kikuchi diffraction (TKD) is a rather new method for characterization of
crystallographic properties of nanomaterials (Fig. 6.4). It is performed in an SEM
instrument and is based on the electron backscatter diffraction (EBSD), which is a
technique that provides information about microstructural parameters of crystalline
and polycrystalline materials such as crystal orientation, defects, texture, grain
morphology and deformation. In EBSD, a tilted bulk crystalline sample is irradiated
with the beam of electrons, which undergo various interactions with the atoms in the
crystal lattice. Since the specimen is thick enough a large number of scattered
electrons is generated that travel in all directions. Some of the electrons are
backscattered, and some of the emerging electrons may exit at the Bragg condition
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from the crystal planes and form so-called Kikuchi patterns or bands. The Kikuchi
bands correspond to each of the diffracting crystal planes in the lattice. A fluorescent
phosphor screen can capture the patterns, if it is placed close to the sample, so that
electrons collide and excite the phosphor that starts to fluoresce. In this way, crystal
orientation maps can be formed that show all the grains and their orientation and
position in the sample, as well as grain boundaries. **°
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Figure 6.4. Schematic drawing of TKD setup, where nanoparticles on the TEM
window are facing away from the SEM pole piece. The electron beam is scanned over
the sample and for each scanned point the diffraction patterns are captured by the
detector located underneath the sample. Each line on the pattern represents a
crystallographic plane of the crystal and the characteristic Kikuchi pattern gives the
full orientation of the crystal at the electron beam exit surface.

TKD detector

Kikuchi pattern

EBSD becomes difficult to use when the sample volume is lowered such as in
nanoparticles or small grains in thin films, because the number of backscattered
electrons that can be detected significantly decreases. In addition, nanostructures lack
a planar surface, which can cause shadowing effects or direct the beam away from the
detector. In order to overcome this problem, the TKD method was developed, which is
also referred to as transmission EBSD or transmission electron forward scatter
diffraction (t-EFSD). TKD was introduced in 2012 by Keller and Geiss®’. The
technique uses standard EBSD equipment but requires electron transparent samples
with thickness on the order of 50 to 150 nm. The diffraction patterns resemble EBSD
patterns, but are formed with transmitted rather than backscattered electrons. This
means that, as opposed to conventional EBSD, the thin specimen is placed with the
surface normal away from the detector, thereby minimizing backscattering into the
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detector, and maximizing detection of electrons that have scattered through large
angles in transmission. Existing EBSD software was initially adapted for automated
indexing of TKD patterns. However, due to the different and restricted geometry of
this new configuration, the pattern centre is often located outside the detector screen,
causing geometrical pattern distortion and complicating indexing. Only recently a new
configuration was introduced by Fundenberger et al.**® and commercialized by Bruker
Nano GmbH, where the phosphorous screen is located beneath the thin specimen on
the optical axis of the microscope. In this new configuration, the pattern distortion is
removed and the electron intensity is increased, allowing reduction of beam current
and, consequently, further improvements in spatial resolution. Compared to
conventional diffraction techniques in transmission electron microscopy (TEM) the
main advantage of TKD is its full automatization, which allows detailed
microstructure characterization over large areas of the specimens at very high speed.
In comparison to EBSD, the spatial resolution is improved, due to the smaller
interaction volume, and can be 5 nm or better. Furthermore, TKD is not limited to flat
specimens and can be applied to investigating nanoparticles and nanowires, among
others. In Paper IV, TKD was used for characterization of grains in polycrystalline Pd
nanoparticles and measurements were carried out by Dr. Alice Bastos da Silva Fanta at
Center for Electron Nanoscopy (CEN) at the Technical University of Denmark (DTU).

6.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a very powerful characterization
technique in physical, chemical and biological sciences with high spatial and
analytical resolution. With TEM it is possible to resolve structure of materials down to
the atomic level. In contrast to SEM, the electron beam in TEM is transmitted through
the sample in order to form an image. For the electrons to be able to pass through, the
samples have to be very thin, i.e. electron transparent. This implies, depending on the
desired image resolution, density and composition of the material, thicknesses from
100 down to 5 nm. Therefore, in order to make very thin specimens, special sample
preparation techniques are required such as electropolishing, chemical or ion-beam
etching in materials science and ultramicrotomy or staining in biological sciences. For
studying nanoscale materials (films, rods, nanoparticles and clusters) with TEM, it is
usually sufficient to deposit them in diluted concentrations on special substrates such
as grids, films or membranes, where as a common denominator they have very thin
areas in the support material allowing TEM imaging. >’

Electrons in TEM are supplied from an electron emission source (typically Schottky,
(cold) field emission or thermionic source). The electron beam is accelerated (with 80
— 120 kV in standard instruments and up to 500 kV — 3 MV in high-voltage EM) and
focused via electromagnetic lenses on the specimen. When electrons pass through the
sample they interact with the atoms and generate signals (Fig. 6.5), most of which can
be detected in various TEM modes. When the electron beam has passed the sample it
results in a non-uniform distribution of electrons that contains all the structural,
chemical and other relevant information about the specimen. The result is collected by
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a system of magnifying lenses, which focus the image from the modified beam onto an
imaging device, usually a fluorescence screen or charged-coupled device (CCD). Both
the spatial and angular distribution of electrons is changed when they emerge from the
specimen. The first can be observed as contrast in the specimen images, and the latter
— in the form of scattering patterns called diffraction patterns.
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Figure 6.5. Signals generated in TEM by high-energy beam of electrons upon
interaction with specimen. Adapted from Williams & Carter’”

By adjusting the configuration and/or strength of the condenser, magnifying and
objective lens systems, TEM can be used in different modes, which provide various
kinds of information about the specimen. In the bright-field mode, the contrast is
formed by transmitted electrons (only the direct beam is let through). Areas of the
specimen with higher atomic number or thickness will appear dark, whereas areas with
no specimen in the beam path will appear bright, hence the name “bright-field”. In the
dark-field mode the microscope configuration is such that only some of the diffracted
electrons (particular diffraction should be specified) are allowed to pass. The resulting
image will have dark regions wherever no sample scattering to the selected peak
occurred. Thus, a dark-field image is formed and gives information about planar
defects, stacking faults or feature sizes. In the EELS mode, it is possible to analyse the
energy distribution of electrons that have passed through the specimen. A magnetic
prism is used to deflect the beam the more it looses the energy, thus electrons can be
rejected based upon their energy values. The amount of lost energy is measured by an
electron spectrometer and can be interpreted in terms of what caused the energy loss
(i.e. types of atoms, number of atoms of each type and the scattering angle). In high-
resolution TEM (HRTEM) the image constitutes an interference pattern between the
forward scattered and diffracted electron waves from the specimen. Thus image
formation relies on phase contrast that arises from the change in relative phases of

67



electrons transmitted through the specimen. This causes diffraction contrast in addition
to the contrast in the transmitted beam, which is already present. The interpretation of
such phase-contrast images can be very challenging and can rarely be done by a naked
eye; instead complex computer simulations are required. However, due to its
remarkable sensitivity it is possible to resolve the atomic structure of thin
specimens.””

When the magnetic lenses are adjusted such that the back focal plane of the lens rather
than the imaging plane is placed on the imaging device, a diffraction pattern of the
specimen can be generated. This mode of operation is called selected area electron
diffraction. It gives information about sample’s crystallinity. For amorphous samples
the atoms are randomly arranged, which leads to the amplitude (and hence the
intensity) of diffraction being stronger at some angles than the others, so diffuse rings
are seen on TEM screen. For crystalline samples, the intensity of the diffracted beam
is highest at specific angles because of very well defined spacing between the lattice
planes; therefore one can see patterns of dots. The diffraction pattern of single
crystalline samples depends on the orientation of the sample and the structure
illuminated by the electron beam.

The limitations of the TEM accompany all of its advantages. This concerns sampling,
which gets worse with higher resolution — one can look only at very small parts of the
specimen at any moment in time. Another drawback is projection-limitation, which is
related to the fact that all kinds of TEM information (images, diffraction patterns or
spectra) are averaged through the thickness of the specimen, so there’s no depth
sensitivity. Another limiting aspect of TEM one has to think about is electron beam
damage, which may destroy the specimen or induce changes in it during imaging. The
detrimental effect of ionizing radiation can affect not only the specimen, but also, if
one is not careful, the operator.

Our collaborators in the Moth-Poulsen group at Chalmers performed TEM
characterization of the samples in Papers II and III, whereas in Paper IV TEM
analysis was done by Dr. Beniamino Iandolo at CEN in DTU.

6.4 Dark-field scattering spectroscopy

Light can be transmitted, absorbed or scattered by a material. Dark-field scattering
spectroscopy (DFSS) is used for the detection of scattered light, and it requires dark-
field illumination. For plasmonic nanoparticles, scattering properties are strongly
wavelength dependent and are predominantly enhanced at the plasmon resonance
frequency. DFSS is a very useful technique for single particle characterization with the
aid of plasmonic particles, and it can be performed using a standard optical
microscope in dark-field mode. Dark-field illumination implies that the incident light
is directed to illuminate the sample and that the detector should not capture any
directly irradiated light, except the one scattered by the sample.*"

68



Dark-field illumination can be achieved in several experimental configurations, which
in turn can be classified as transmission and reflection modes in general terms. In the
first case, the specimen has to be transparent to allow transmission of light, and this
configuration usually requires positioning of a dark-field condenser with high
numerical aperture (NA) below the sample. In this thesis, reflected dark-field
illumination or epi-illumination was used, where it is sufficient to have a reflected
light dark-field objective (that serves both as condenser and objective) and the sample
can be opaque. In both illumination cases, the central portion of the cone of irradiated
light is blocked; so that the sample is illuminated with a hollow cone of light as
illustrated in Fig. 6.6. In transmission dark-field mode (Fig. 6.6a), the high NA dark
field condenser focuses collimated illumination light at an angle steeper than can be
collected by the objective, which thus gathers only light scattered by the sample. 2'**'!

In the case of dark-field epi-illumination (Fig. 6.6b), the collector transforms the light
coming from the microscope lamp into a roughly parallel beam. Most of the light is
blocked by the condenser-aperture-diaphragm, which has a central stop, so that only
peripheral rays of the beam pass through. The light is then reflected by a 45° mirror
with a circular hole in the centre, so that the light travels to the specimen vertically
down on the outside of the actual objective lens. Then the light is focused on the
sample by an inner mirror at the end of the objective housing. Light is scattered by the
nanoparticles on the illuminated sample surface, and part of it is passed back via the
objective lens to the eyepiece. The resulting image constitutes a collection of bright
spots of different colours and intensities (depending on the particle shape, size and
material) against dark background (hence the name “dark-field”), see, for example,
Fig. 6.2e. Notice that in the corresponding SEM image in Fig. 6.2f, there is an
arrangement of two Ag spheres with a Pd cube in between and, slightly lower, there is
a single Ag sphere. These two nanostructures appear as two bright dots in the optical
microscope image (Fig. 6.2e, yellow square). However, if we look back at the SEM
image (Fig. 6.2f) then it is possible to see also three single Pd cubes, which are not
visible in the optical microscope due to the fact that Pd doesn’t scatter light very
efficiently. This is a nice illustration of why a strongly scattering plasmonic
nanoantenna unit such as Au or Ag is needed when using DFSS for studying small
nanoparticles (< 40 nm), in particular the ones consisting of materials that have poor
scattering properties due to high intrinsic absorption.
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Figure 6.6. Schematic drawing of the ray-path in (a) transmitted dark-field
illumination with high NA condenser; and (b) reflected-light dark-field illumination
with an ellipsoidal ring-mirror reflector (beam-splitter) and a concave ring-mirror
condenser. Note that all lenses are only shown as a line indicating their principal
plane. Incident light and scattered light are shown as black and red arrows
respectively. The scattered light from the sample is collected by the objective and
directed to the eyepiece. Figure adapted from Nusz’'' and Piller’”.
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6.4.1 The role of the substrate in DFSS

As already mentioned in Section 6.1, the use of a conductive Si wafer substrate was
crucial in order to be able to characterize the individual nanoparticles in SEM and
subsequently correlate the measured signals from these single particles with their
appearance (i.e. size and shape). The presence of the thin (50 nm) thermally grown
Si0; layer on the Si wafer was necessary, in order to perform DFSS. The reason for
this is that nanoparticles on the bare Si substrate are hardly visible with reflected-light
dark-field illumination, due to the fact that substantial amount of light is scattered
from the nanoparticles into the substrate*'. Placing a transparent dielectric layer such
as SiO, on top of the reflective Si substrate gives rise to interference effects*” between
the incoming wave and the wave reflected by the Si substrate. This stems from the
different refractive indices of the two materials, which are strongly wavelength
dependent. The incoming wave of light undergoes multiple reflections and refractions
at the interfaces. The dielectric thickness modulates the phase of light and the
interference at the interfaces modulates the intensity of the propagating light. Bilayer
substrates of this kind are used e.g. for SERS*'* and for detection of atomic layers of
graphene in the optical microscope®"”. The interference effect strongly depends on the
thickness of the dielectric layer as well as the incidence angle of the incoming light.
The presence of the plasmonic nanoparticle on the surface further complicates the
physics behind this phenomenon and will not be discussed here. For my work it was
sufficient to use 50 nm SiO,to be able to clearly see the plasmonic particles in the
optical microscope and measure the scattering spectra from the individual nanoparticle
arrangements. However, it will be very interesting in the future to study different
effects that arise with changing substrate arrangements, i.e. different reflecting
material, different material and thickness of the dielectric, multiple reflecting and
transparent layers and the size of the plasmonic particle.

In Paper IV, DFSS measurements were combined with TEM and TKD, which both
require electron transparent substrates. Conventional TEM grids or membranes are,
however, problematic for the use in DFSS setup because the relatively small grid
spacing or etched cavities in the membranes cause stray light scattering or block some
of the incoming/scattered light at the low angles that are typically required. To
overcome these limitations, I developed a method, which was based on TEM
‘windows’ that consist of a 40 nm electron-transparent amorphous Si;N, membrane®'®,
combined with the reversible physical vapour deposition of a 10 nm Cr layer on the
backside of the membrane (Fig. 6.7). As Finite-Difference Time-Domain (FDTD)
simulations of the light scattering by a single Pd nanodisk reveal, the Cr layer acts as a
mirror that creates interference effects (see Figure 2 a,b and Supporting Information in
Paper IV). These effects enhance the intensity of light back-scattered from the Pd
nanoparticles (which generally are poor scatterers®’), and thus make them visible on a
CCD-chip. After the experiment, the Cr mirror layer is removed by wet etching from
the backside (assuring that the etch does not interact with the nanoparticles) to
transform the sample to its electron microscopy compatible state. This facilitates TKD
and TEM analysis on the same single nanoparticles as the ones probed in operando by
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plasmonic nanospectroscopy. The cycle can be repeated multiple times by
subsequently growing and removing the Cr layer.

a b
Nanoparticles on top of TEM window
o N N R NN N O O O e . .
A .
Si,N, 40 nm Si
Cr 10 nm mirror for DFSS Cr mirror removed for HRTEM/TKD
c d
e

Figure 6.7. Schematic drawing of a TEM “window” with a 10 nm Cr layer at the back
(a) that allows DFSS measurements as indicated by the microscope/spectrometer
CCD-image in (c). Removing the Cr layer by wet etching returns the TEM window (b)
to its electron-transparent state to facilitate characterization of individual
nanoparticles measured in DFSS by HRTEM (d) and TKD (e). The scale bar is 50 nm
in (d).

6.5 Single particle spectroscopy setup

In order to study single nanoparticles using nanoplasmonic sensing, a single particle
spectroscopy setup had to be assembled for this project. The setup had to have several
parts, which would serve certain purpose. First of all, there had to be a measurement
cell to host the sample with nanostructures and to allow temperature control over the
sample, as well as to establish a sealed environment with controlled flow and
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composition of different gases around the sample. Furthermore, the cell had to fit the
stage of the optical microscope, which would be used to address the individual
nanoparticles using dark-field microscopy. Finally, there had to be a spectrometer to
be able to measure the scattering signal from the nanostructures in a spectrally
resolved fashion. The following is the description of the setup I assembled, fulfilling
all of these conditions.

The measurement cell was purchased from Linkam and it is a temperature-controlled
stage THMS600 with working range from -196 to 600 °C. The setup is depicted
schematically in Fig. 6.8, where one can see the Linkam chamber mounted on the
microscope stage (Nikon Eclipse LV100 upright optical microscope). The Linkam
stage is connected to a set of mass flow controllers (Bronkhorst) that have several
different working ranges to supply the desired flow of reactants to the sample that is
put inside the stage in a small quartz cup (see Fig. 6.9). Above the sample cup, the cell
has a quartz window, through which it is possible to focus on the nanostructures using
the microscope objective, in this case usually a Nikon 50x BD. The sample is directly
illuminated with the microscope’s 50 W halogen lamp (Nikon LV-HL50W LL). The
scattered light from individual plasmonic nanostructures can be collected in two ways:
1) by an optical fibre (Papers I, II, III) or 2) an open optics system (Paper IV). In
(1), an optical fiber (Ocean Optics, UV-vis 200 or 600 um core) is connected to the
microscope eye-piece tube via a custom made fibre adapter. In the open optics
configuration, the scattered light is collected via a lens tube containing one broadband
dielectric mirror and two visible achromats. The collected light is directed to the
entrance slit (500 or 1000 um) of a spectrometer (Andor Shamrock SR303i) and
dispersed using a grating (150 lines/mm, blaze wavelength 800 nm). The scattering
spectra are recorded using a thermoelectrically cooled charge-coupled device (CCD)
camera (Andor Newton). The microscope with measurement cell and spectrometer
stands on a floating optical table (Newport), which provides a flat and stable surface
and helps to eliminate vibrations from the environment.
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Figure 6.8. The schematics of the whole setup: gases are supplied through a range of
MFCs to the Linkam chamber located on the optical microscope stage. The chamber
has a quartz window, through which one can focus on the sample inside the chamber
via a microscope objective. The scattering signal from the nanoparticles dispersed on
the sample in focus is collected with an optical fibre or an open optics system (not
shown). The signal is directed to the spectrometer equipped with a CCD camera.

Silver heating block Quartz cup

e

Sample with
- nanoparticles
1x1cm

Sliding
holder

Pt temperature sensor

Figure 6.9. View of the Linkam chamber with the top lid removed: one can see the Ag
heating block and the partly retracted quartz cup containing the sample. The cup with
the sample piece is placed exactly above the heating block with the help of a sliding
holder. The Pt resistor T-sensor mounted inside the Ag block, accurate to 0.1°C,
provides a stable temperature signal and feedback to the temperature controller.
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6.5.1 Signal acquisition

At 50x objective magnification that was used in the measurements, the estimated
sampling area with a 600 um core fibre is about 12.5 um?, which allows for selective
collection of the scattered light from individual nanoparticles fabricated/dispersed at
low density on the sample surface (Fig. 6.10).

Figure 6.10. Dark-field microscope image of the sample, where each bright spot
corresponds to a single Ag nanosphere. The white circle around one of the particles in
the centre of the image indicates an area with diameter ~ 4 um from which light is
collected by the fiber. Another circle without nanoparticle indicates a possible area
for dark background measurement. Note that each spot can be measured with the fiber
only one at a time.

With an open optics system, the microscope field of view is imaged on the entrance
slit of the spectrometer (Fig. 6.11), which can be operated in the image mode or
spectroscopy mode depending if a mirror (or a grating in zero order position) or a
grating is positioned in the light path. In the mirror position, the particles are visible as
points of light, and the particle of interest can be centered in the slit. When switched to
the grating position, the light from the particle will be spread out by wavelength. In
this configuration (as opposed to using a fiber), it is possible to measure several
particles (up to 10 - 12 individual particles as long as they are well separated from
each other and are not on the same horizontal line) at the time using the “Multi-track”
mode of the Andor Solis control software, by defining multiple tracks on the CCD.
This is also useful to measure a background spectrum together with the particle
spectrum.
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_&—single Pd disk

Figure 6.11. (a) Sample overview from the microscope with the region of interest
indicated by a red rectangle. Each bright spot corresponds to a single nanoparticle.
(b) View from CCD camera connected to spectrometer in the imaging mode with the
slit narrowed (1000 um) such that only particles from the region of interest are visible.
The two white lines indicate the height of the track (10 pixels) chosen for one of the
particles. Several tracks can be chosen along the vertical line of the slit. When the
grating is inserted in the light path, the spectra can be collected from each of the
selected tracks simultaneously, allowing spectral imaging of several particles at the
same time, as well as background collection.

Normalized scattering spectra with intensity /. are obtained from individual plasmonic
particles as a function of wavelength A using the relation /() = (S(4) — D(4))/CRS (1),
where S(4) is the collected signal from an area with nanoparticle, D(4) is the signal
from the nearby area without nanoparticle (dark signal for background correction), and
CRS(Z) is the signal collected from a diffuse white certified reflectance standard
(Labsphere SRS-99-020). CRS(4) was used in order to correct the signal for the lamp
emission spectrum, which is strongly wavelength-dependent. The acquisition time for
each spectrum was varied depending on the measurement needs from 0.125 s to 10 s.

6.6 Mass spectrometry

Mass spectrometry (MS) is an analytical technique, which measures the masses and
amounts of sample components.”'® The sample (in gas, liquid or solid form) is ionized
to produce gas-phase ions (e.g. by electron, ion or photon bombardment, thermally or
by electric fields). All the ions are separated in the mass spectrometer according to
their mass-to-charge ratio (m/z), and then detected according to their abundance. A
mass spectrum of molecular species is thus produced, which represents the relative
abundance of detected ions as function of the mass-to-charge ratio. Most mass
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spectrometers operate under high vacuum conditions and consist of three main parts:
1) ionizer to form charged particles; 2) ion-analyzer (mass filter) to sort ions by their
mass-to-charge ratio and 3) detector to measure the value of an indicator quantity and
to provide data for calculating the abundance of each ion. Mass spectrometers may
differ by the type of ion-analyzer (also called mass filter), and there are four types
commonly used: 1) sector field devices that utilize magnetic field for deflection of
moving charge carriers; 2) time-of-flight mass spectrometers utilize differing
velocities of molecules of equal energy; 3) ion traps, where ion trajectories are
influenced by a high-frequency field and 4) quadrupole mass spectrometers utilize the
resonance of moving ions in a high-frequency field. Ions that went through mass
analyzer then hit the ion detector, which is usually an electron multiplier or
microchannel plates that emit a cascade of electrons when each ion hits the detector
plate. From the obtained mass spectrum one can derive the elemental or isotopic
composition of the sample, presence and number of certain elements, as well as
masses and chemical structure of the molecules. A literature search and specialized
computer programs can help with interpretation of the results.*'®

In Paper V, MS measurements were carried out by Dr. Su Liu.
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7 SUMMARY AND OUTLOOK

The results of this thesis are presented in six appended papers, for which a brief
summary is given in this chapter, followed by a short outlook.

7.1 Summary of appended papers

The work presented in Paper I was motivated by the fact that, in order to utilize the
strong electric field enhancement in the hot spot of plasmonic nanoantennas for
sensing in a materials science context, it is crucial to be able to place a nanoobject of
interest with high accuracy in such a hot spot. This is problematic with state-of-the-art
nanofabrication approaches, especially when several materials are to be used, small
gaps are required and large surface areas are to be patterned. In the paper, we present a
novel fabrication method called Shrinking-Hole Colloidal Lithography (SHCL), which
is a further development of the established Hole-mask Colloidal Lithography (HCL)
technique. In SHCL we introduce three different variations of a critical step that
exploits a “shrinking hole” effect to enhance the versatility of HCL. The effect of the
“shrinking hole” arises from the fact that, as material is deposited through the hole-
mask created in the HCL process, it also continuously builds up at the rims of the hole,
thus causing it to shrink continuously. We show that this effect can be utilized
systematically in combination with the growth of sacrificial nanostructures.
Depending on the specifics of the targeted application and desired material
combinations of the final structure, the sacrificial nanostructure that is grown in order
to shrink the hole in the mask to the required size (so that it can be used to grow a
smaller nanoparticle) can constitute (i) a C nanocone, (ii) a Cr nanocone or (iii) a Cr
funnel. If exploited carefully, as demonstrated in the paper, this approach provides
unique possibilities for the self-aligned crafting of complex multimaterial
nanostructures with high level of control over the size and position of the constituent
elements. As in HCL, the method also preserves the ability of patterning large areas
(few cm®) with aligned complex nanostructures. To illustrate the possibilities, we
demonstrate the fabrication of several complex plasmonic nanoantennas, such as: Au
nanodisc dimer with small Pd particle in the hot-spot, cascaded Au trimer, Au-Pd disc
heterodimer and Au disc with small Pd and Al,O; particles on each side. In the second
part of the paper we show on two specific examples what kind of sensing functionality
that can be achieved with the fabricated structures. In the first example, we
demonstrate an all-optical self-referenced hydrogen sensor based on light polarization
that is comprised of an array of a Au nanodiscs with a smaller adjacent Pd particle. In

79



the second example, we demonstrate the single particle hydrogen sensing capability of
a Au nanodisc dimer with small Pd particle in the dimer gap.

The main focus of Paper II is the development of a synthesis strategy for the self-
assembly of two different individual colloidal nanoparticles into heterodimers.
Utilizing electrostatic interactions, we show the possibilities to combine oppositely
charged individual nanoparticles of different sizes, shapes and materials into
heterodimer combinations. Using this approach, the following heterodimers were
obtained: Au or Ag spheres of 90 nm paired with Au cubes (30 nm) or Au rhombic
dodecahedra (50 nm), as well as combinations of Pd nanoparticles of different sizes
and shapes (cubes of 25 or 70 nm, thombic dodecahedra of 110 nm, truncated cubes of
120 nm, octahedra of 130 nm) with Au or Ag spheres of 90 nm. We show that the
aggregation process can be controlled to produce the highest possible yield of dimers
by tuning the ratio between the two different nanoparticle components. The synthesis
results are rationalized with the aid of theoretical modelling. Such coupled
nanoparticle systems possess new properties and are interesting for numerous
applications. As a basic example, we demonstrate the possibility of sensing a catalytic
process such as hydrogen dissociation and absorption in a single Pd nanocube by using
the Au plasmonic unit as the probe for the reaction that is taking place on the adjacent
Pd particle.

In Paper III, we make use of the Au-Pd heterodimers synthesized with the method
described in Paper II, and further utilize the sensing capabilities of the plasmonic Au
unit in order to investigate processes happening in/on adjacent Pd nanoparticle at the
single particle level. Specifically, we study size and shape effects on the
thermodynamic properties of hydrogen absorption in Pd. The incentive of our work is
a deeper understanding of the role of particle specific features in the metal-hydrogen
interactions at the nanoscale, since this can help optimizing the performance of
hydride-forming materials, as well as to unearth the physics of phase transitions in
shape-selected nanocrystals. Moreover, the detailed studies of hydrogen interaction
with nanoscale Pd systems (focusing mainly on ensembles of Pd nanoparticles) have
began only recently and yield contradicting results, as well as provoke interesting
questions regarding the details of the process. Single particle studies enable
elimination of the issues caused by the inhomogeneous sample effects that potentially
blur important details of the role of nanoparticle size, shape and local chemical
composition on both hydrogen sorption thermodynamics and kinetics. We investigate
the hydrogen absorption in Pd nanocubes with size ranging from 65 to 17 nm and
measure phase transition isotherms. We quantify the thermodynamics of the process
by analysing changes in enthalpy and entropy of hydrogen absorption for individual
cubes. In addition, we investigate other Pd particle shapes, such as octahedron and rod.
As a result, we find consistent size- and shape-independent thermodynamics and
significantly wider hysteresis than in bulk, with details depending on the specifics of
individual nanoparticles. Generally, the absorption branch of the hysteresis loop is
size-dependent in the sub-30nm regime, whereas desorption is size- and shape-
independent. The former is consistent with a coherent phase transition during hydride
formation, influenced kinetically by the specifics of nucleation, whereas the latter
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implies that hydride decomposition either occurs incoherently or via different kinetic
pathways.

The plasmonic nanospectroscopy approach for probing individual nanoparticles is
further developed and applied also in Paper IV to study the role of grain boundaries
and grain size in hydride phase transformations of individual polycrystalline Pd
nanoparticles. This is motivated by the fact that grain boundaries can be important
mediators of phase transformations by contributing to diffusion and plastic
deformation processes, and by accumulating impurities. There are numerous
experimental and theoretical studies of grain boundaries and their role in the bulk, but
they are scarcely explored for nanomaterials. In such systems, grain boundaries are
expected to be of significant importance due to the relative abundance of grain
boundary sites compared to bulk materials with larger grains. In the paper, we use a
multichannel plasmonic nanospectroscopy approach that enables measurements of the
individual response from 10 and more nanoparticles simultaneously, during both
hydrogen absorption and desorption. This is a significant advance compared to the
state of the art, where new experiment is necessary for each studied nanoparticle,
which means that artifacts due to experiment-to-experiment variations cannot be
avoided. The spectroscopic measurements are then correlated with TEM and
transmission Kikuchi diffraction (TKD) characterization, which reveal details of Pd
nanoparticle-grain-boundary structure, type and orientation. We find correlation
between length and type of grain boundaries in individual nanoparticles, and their
hydride formation pressure. Using an analytical model, we identify tensile lattice
strain, induced by hydrogen atoms near grain boundaries, as the main factor
controlling the phase transition during hydrogen absorption. This indicates that
polycrystalline nanoparticles can be understood as agglomerate of single crystallites
that exhibit similar characteristics to “free” nanocrystals, whose interaction is
mediated by the grain boundaries.

In Paper V, mass spectrometry is combined with in operando plasmonic
nanospectroscopy of single catalyst nanoparticles in a customized new instrument. The
presented experimental setup is a step forward in catalyst characterization techniques
as it for the first time enables the analysis of reaction products in combination with the
information about the state of single catalyst nanoparticles as obtained by plasmonic
nanospectroscopy. This makes it possible to, for example, directly correlate catalyst
nanoparticle state and its activity or selectivity. First, the approach is demonstrated by
studying the kinetic phase transition phenomenon during the oxidation of hydrogen
over silica supported Pt nanocatalysts at the ensemble level, to demonstrate the
complementarity between the information obtained by plasmonic nanospectroscopy
and mass spectrometry. The single-nanoparticle-experiment capabilities are
demonstrated on the example of hydride formation detection in a single Pd
nanoparticle, as well as carbon monoxide oxidation over single Pt and Pd catalyst
nanoparticles.

In Paper VI, we present a method for the nanofabrication of core-shell nanostructures,
where the particle core is made of a metal and the shell constitutes a dielectric layer,
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which further can be decorated by small nanoparticles of a material of choice. The
motivation for this work is that nanostructures of variable composition can combine
multiple properties, which cannot be achieved by single-material nanoparticles. This
concept can be of high importance in variety of applications such as catalysis, optics or
electronics. Specifically here, the target application of the fabrication method was the
preparation of a tailored model system suitable for studying plasmon-assisted light
absorption in small catalyst nanoparticles grown on the dielectric shell encapsulating
the plasmonic nanoantenna. The purpose of the plasmonic core is to enhance
photocatalytic effects mediated by hot electrons created by light absorption. The
dielectric layer is crucial for protection of the nanoantenna in harsh experimental
conditions characteristic for catalysis, such as high temperatures and aggressive gas
environments. In addition, the dielectric layer enables both tailoring of the surface
chemistry for a specific catalyst formulation and maximizing the near-field coupling in
the hybrid-plasmonic photocatalyst material. The key results of this work are: (1) the
first demonstration of large-scale nanofabrication of arrays of core-shell
nanostructures with widely tailored material compositions in terms of all constituents
(beyond what currently is possible by colloidal synthesis, which is the standard way of
making core-shell structures); (2) the manifestation of significant absorption
enhancement in small catalyst nanoparticles grown on the core-shell structures, and (3)
photocatalytic reaction rate enhancement as well as quenching on such structures,
depending on the specific system and reactant mixing regime.

7.2 Outlook

There are many possibilities to continue the work presented in this thesis, since it to a
large extent dealt with the development of the necessary tools for single particle
plasmonic nanospectroscopy for materials science and catalysis applications. With
these tools now at hand, the fun part only begins. For example, as continuation of
Paper I, it would be interesting to test sensing capabilities of other arrangements such
as cascaded nanodisc trimers, asymmetric dimers and symmetric trimers as shown in
Fig. 4.4 f — h. According to theoretical studies”***” the field enhancement in these
structures should be even higher than the one in a homogeneous dimer arrangement,
with the consequence of higher sensitivities. This implies the prospects to be able to
investigate even smaller catalytic particles, ideally in the sub 10 nm size range, where
strong size-effects are predicted.

Another interesting route is to test various dielectric spacer layers, as shown in Fig.
4.4e, for the protection of the plasmonic antenna structure, which is relevant for the
use of the antenna at elevated temperatures and in harsh gas environments. Heat
treatment causes the Au nanoparticles to recrystallize and change their shape at
temperatures starting already at 100°C. At even higher temperatures Au atoms become
highly mobile and there is a tendency to reduce the total surface area of the particle,
which is energetically more favourable®'. In case of, for example, Ag nanoparticles,
which actually support stronger LSPR (and thus have narrower peaks, which is
advantageous for sensing) than Au, adding a spacer layer may help to protect them
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from oxidation to which Ag is prone even in air. Moreover, no matter the plasmonic
material, there is always a risk that high temperatures may cause fusion of the sensor
elements with a particle deposited in the gap, which also could be avoided by capping
the antenna elements with a dielectric layer. This idea was already implemented in
Paper VI, but for the most basic structure one can make with HCL, i.e. nanodisc.
With more complicated structures, it becomes technically more difficult. It is also
important to note that the use of dielectric spacer layers can make it possible to
investigate the role of the catalyst support material in a catalytic reaction, which in
many cases is critical for the catalyst activity and selectivity.

With respect to the results of Paper II and I11, it is obvious that the plasmonic particle
used, i.e. the Au sphere, is not the most advantageous shape for sensing purposes as it
features much lower field enhancement compared to nanoparticles with more distinct
shapes. Therefore, it will be interesting to try new arrangements, for example, a Au
rod, a Au triangle, or any other shape that has pointy edges or sides that feature strong
field enhancements, with an interesting particle attached to it. Similarly, as mentioned
above for nanofabricated nanoparticles, adding a spacer layer around the plasmonic
unit of the synthesized nanoparticles is of high interest. There are possibilities to grow
spacer layers around metal nanoparticles with wet chemistry methods, for example,
shells of Si0,™.

As was mentioned earlier, the nanolithography approaches for nanofabrication are
efficient for making ordered arrays of complex nanostructures on surfaces. However,
they lack the ability to precisely control the shape, size and crystallinity of the particle
of interest since they are limited by the resolution provided by the used mask.
Therefore, it would be interesting to combine the fabrication approaches of Paper I
and Papers 11, 111, i.e. nanolithography with wet chemical synthesis. For example, the
fabricated dimer or trimer arrangements could have a particle with specific chemistry
deposited in their junctions, and then the synthesised particle with well-defined size
and shape could be bound to the hot spot. The latter could be possible using a tailored
linker molecule (present on the surface of the synthesized particle), which specifically
binds to the specific surface chemistry provided in the hot spot only by locally
growing, e.g. small patches of TiO,, Al,O3, which contrast the surface chemistry of the
rest of the support. In such a way, it could be possible to bind not only synthesized
particles but also, for example, quantum dots (QD) specifically to the hot spot. The
latter are interesting due to their tunable fluorescent properties, as well as the
possibility to boost these properties by placing a QD in the region of the high field
enhancement, and to investigate phenomena such as strong coupling of two oscillators.

Paper 1V is an outcome of successful combination of plasmonic nanospectroscopy
with correlated TKD characterization. The alliance of these two techniques can give
insight into the role of particle-specific structure and defects in hydrogen-metal
interaction of other hydride forming metal nanosystems (e.g. metal alloys (PdAu’?),
Mg®*** and yttrium®” (Y)), as well as other processes like oxidation/reduction of
metallic nanostructures>>.
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Similarly, Paper V is only a very first study combining mass spectrometry with in
operando plasmonic nanospectroscopy of single catalyst nanoparticles, which opens
up new possibilities for more detailed investigations of other catalytic processes using
any of the nanoparticle arrangements provided as a result of Papers I, II and VI. These
studies should be aimed at revealing size/shape/microstructure effects of the particle in
question with respect to the investigated catalytic process. That could be, for example,
formation of water on the surface of Pt or Pd by reacting hydrogen and oxygen, the
oxidation of carbon monoxide or the conversion of nitrogen oxides (NOy) on Pt.

Another part of Paper VI dealt with plasmonic photocatalysis, which is also an area of
research, where structure-function relationships based on the size/shape of the
(photo)catalyst particle are only starting to emerge™’. This is important since LSPR
wavelength and plasmon decay mechanisms of plasmonic nanoparticles are strongly
dependent on the particle geometry. Therefore, characteristics of the plasmon driven
photocatalysts such as wavelength dependence, reaction selectivity and reaction
efficiency are expected to be tunable with structure of the plasmonic nanoparticles.

In general, as demonstrated in this thesis, single particle studies enabled by plasmonic
nanospectroscopy can give valuable information about particle functionality, which is
governed not only by the size/shape of individual nanoparticles but also by the
particle-specific microstructure. The developed plasmonic nanospectroscopy approach
can be applied in combination with other techniques such as TEM, TKD, XPS, and
mass spectrometry, to provide unprecedented insight into the structure-correlated
activity of individual nanoparticles during various physical/chemical processes that are
highly relevant for the fields of materials science and catalysis.
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