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Abstract

NANOCRYSTALS are a remarkable class of materials, which exhibit size-
dependent optical and electronic properties. Numerous applications

have been proposed for these materials but they suffer from a key handi-
cap. Nanocrystals are generally made in solution, rendering integration into
devices very challenging. Therefore, there is an increasing demand for new
fabrication methods to transfer nanocrystals from solution to a solid-state
substrate. In this thesis, we develop a new, direct assembly method based
on electrophoretic deposition (EPD), which we call Surface Templated Elec-
trophoretic Deposition (STEPD). Our research starts by demonstrating the suc-
cessful assembly of single gold nanocrystal arrays. The strength of the applied
electric field and the electrolyte concentration are key parameters that control
the assembly process. The orientation of asymmetric gold nanorods can also
be controlled by carefully designing the template. With further experimental
and theoretical investigation, we find that the electrically induced dipole
moment on asymmetric nanorods plays a major role in orientating the nanorod
during EPD assembly. Our STEPD method is not only able to assemble gold
nanorods in designed orientation horizontally but also able to assemble gold
nanorods vertically with respect to the substrate. The universality of STEPD
is also demonstrated by the successful assembly of gold nanocrystals with
different sizes and shapes, magnetic Fe3O4 nanocrystals, fluorescent organic
nanoparticles and semiconductor quantum dots with different photolumines-
cence. During our investigation, we find that there is a minimum particle size
limit in STEPD. Very small nanocrystals (i.e. < 20 nm in size) are difficult
to assemble via EPD due to their smaller total charge and stronger Brownian
motion. Finally, we propose three potential applications derived from STEPD
assembled arrays including hydrogen gas sensing, single particle addressing
and anti-reflective metasurfaces. Through this thesis, we believe the direct
STEPD assembly method holds great potential as an efficient and versatile
assembly method for large-area, single nanocrystal arrays.
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Chapter 1

Introduction

1.1 Nanocrystals

Semiconductor and metal nanocrystals are crystalline, usually inorganic
particles with dimensions ranging from one to around one hundred
nanometres.i Depending on the material, they may exhibit unusual,
size-dependent optical,[2, 3] luminescent,[4, 5] magnetic,[6, 7] and electronic
properties.[8, 9] As a result, there are considerable scopes for the
development of diverse new applications for these materials in various fields
including: nanoscale electronics,[10, 11] biosensors,[12, 13] high-density
information storage media,[14, 15] optical logic circuits[16, 17] and full-colour
plasmonic pixels for displays.[18, 19]

The origin of nanocrystals dates back to Roman times at least. Glassmakers
at that time were making coloured glasses by adding certain metal salts during
glass production.[20] One of the most famous examples is the Lycurgus Cup
(Figure 1.1(left)), which was made in the 4th century AD. This glass is red when
illuminated by light from the inside of the glass and green when illuminated
from the outside. This fabulous colour change is caused by the presence
of silver and gold alloy nanocrystals in the glass. Another one of the most
widely used areas of metallic nanocrystals is in stained glass windows (Figure
1.1(right)). The mixing of glass and metallic nanocrystals endows the glass
with vibrant colours but they still retain their transparency. Most churches

iThis first chapter is based on the following peer-reviewed publication: Heyou Zhang,
Calum Kinnear, and Paul Mulvaney, “Fabrication of Single-Nanocrystal Arrays”, Advanced
Materials, 2020, 32, 19, 1904551, DOI: 10.1002/adma.20190455. (Figures and texts in this
chapter are adapted with permission.[1] Copyright 2019, WILEY-VCH)
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since the middle ages have employed such methods for decorating cathedral
windows.

FIGURE 1.1: Lycurgus Cup (left): Inside light sources (a), outside light sources
(b). Stained glass window (right) (St. Michael and Gudula Cathedral, Brussels).

Nowadays, majority number of nanocrystals are normally synthesised
through solution based "wet-chemistry" methods. It is the most commonly
used method for nanocrystal synthesis because it offers good size and shape
control and is scaleable.

Gold, silver, platinum, palladium and other metal nanocrystals have been
widely studied - the metals platinum and palladium are of interest in catalysis,
especially for hydrogenation reactions and organic synthesis, while silver,
copper and gold are most frequently studied because of their unusual size
dependent optical properties. Both gold and silver nanocrystals can be synthe-
sised with tunable sizes and they can also form in different shapes including:
spheres,[25, 32] cubes,[26, 33] rods,[34, 35] polyhedra[36, 37] and wires.[23, 38]
Other less common morphologies also occur and these may have specific
advantages. For example gold nanostars - gold nanocrystals with a star-
like morphology - exhibit strong surface-enhanced Raman scattering, useful
for single molecule or biological sensing.[24, 39] Gold nanostars can exhibit
sensitivity in the femtomolar concentration regime for certain chemicals.[40]
Another example is that of silver nanowires, which are used to fabricate
transparent electrodes for optoelectronic devices.[41, 42] Optoelectronic de-
vices, such as solar cells, flexible electronics and organic light-emitting diodes
often require a conductive substrate with low resistance, high transparency
and flexibility. Indium tin oxide (ITO) as a good transparent conductive
material has been commercially used for most of these optoelectronic de-
vices. However, there are some limitations for ITO electrodes, such as high
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FIGURE 1.2: Metal nanocrystals synthesised with different morphology. Gold:
(a) Sphere (Adapted with permission.[21] Copyright 2013, American Chemical
Society), (b) Rod (Adapted with permission.[22] Copyright 2013, American
Chemical Society), (c) Nanowire (Adapted with permission.[23] Copyright 2019,
American Chemical Society) and (d) Nanostar (Adapted with permission.[24]
Copyright 2015, American Chemical Society). Silver: (e) Sphere (Adapted
with permission.[25] Copyright 2013, American Chemical Society), (f) Cube
(Adapted with permission.[26] Copyright 2005, WILEY-VCH), (g) Nanowire
(Adapted with permission.[27] Copyright 2002, American Chemical Society),
and (h) Triangular nanoplate (Adapted with permission.[26] Copyright 2005,
WILEY-VCH) Platinum: (i) Truncated octahedron (Adapted with permission.[28]
Copyright 2008 Elsevier Ltd.). and (j) Cube (Adapted with permission.[29]
Copyright 2007, American Chemical Society). Palladium: (k) Icosahedron
(Adapted with permission.[30] Copyright 2007, WILEY-VCH) and (l) Octahedron

(Adapted with permission.[31] Copyright 2014, American Chemical Society).
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cost and inherent brittleness, which need to be improved for a better device
performance. Silver nanowires can provide high optical transmittance and
high conductivity similar to ITO, in addition to low cost wet-chemical syn-
thesis approach, simple film fabrication and high flexibility. It provides a
great opportunity to expand the application for optoelectronic devices such
as wearable solar cells and foldable smart display screens etc..[43] Besides
gold and silver, other metal nanocrystals are also developed in large areas of
applications based on their own unique properties. For example, platinum and
palladium nanocrystals are known for their outstanding catalytic properties
for a wide range of chemical reactions.[44, 45] Pt nanocrystals are often used
as a catalyst for the oxygen reduction reaction in fuel cell systems. Shape
and size controlled synthesis of Pt nanocrystals can be adapted to tune its
electrocatalytic activities,[28, 46] while Pd nanocrystals are often used for
carbon monoxide (CO) and hydrogen (H2) gas sensing. The gas selectivity
can be tuned by controlled synthesis of Pd nanocrystals so that they exhibit
specific crystal facets.[31, 47]

Semiconductors, magnetic nanocrystals and organic micro-molecules are
also important classes of nanocrystals. Semiconductor nanocrystals or quan-
tum dots (QDs) normally show strongly size-dependent optical and elec-
trical properties due to the quantum confinement effect.[49, 50] The most
common materials for semiconductor nanocrystals are silicon (Si),[51] gal-
lium arsenide (GaAs),[52] cadmium selenide (CdSe).[53] These semiconductor
nanocrystals are often used in solar cells,[54] charge coupled devices,[55]
screen displays[56] and biolabelling techniques.[57] Metal oxides play an im-
portant role in many nanoscale systems. For example, silica is frequently used
as a coating material.[58] Zinc oxide (ZnO) nanocrystals are also prepared as n-
type material for electron transport in dye-sensitised solar cells.[59] Iron oxide
(Fe3O4) nanocrystals are synthesised as a magnetically responsive material for
security applications and data storage.[6] Finally, we note that organic micro-
molecules can also be synthesised as nanocrystals. For example, 1-cyano-
trans-1, 2-bis-4’-methlbiphenyl-ethylene organic nanoparticles show stronger
fluorescence emission than the monomer.[60] While cyanine dye-based organic
nanocrystals are used in fluorescence based tumour and cancer therapies.[61]

The above examples highlight the fact that nanocrystals are now being
applied in a diverse range of manufacturing sectors. The range of nanocrystals
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FIGURE 1.3: Examples of (a) Semiconductor (CdSe/CdS/ZnS) core-shell
nanocrystal and its size-depend fluoresce. (Adapted with permission.[4]
Copyright 2013, American Chemical Society) (b) Metal Oxide (Fe3O4) nanorod
and its magnetic field dependent optical response. (Adapted with permission.[6]
Copyright 2015, WILEY-VCH) (c) Organic (polypyrrole) nanocrystal and its
curative effects on tumours under IR radiation. (Adapted with permission.[48]

Copyright 2012, WILEY-VCH)

being used is broad and encompasses all materials classes. Most commonly,
these nanocrystals are synthesised by wet-chemical methods. Hence, in order
to fabricate electronic or optical devices, it is necessary to have approaches to
integrate nanocrystals into a device. It has become increasingly evident that
a major bottleneck in the application of nanocrystals is their transfer from the
solution phase and assembly on a solid substrate. While it is straightforward
to fabricate films or composites from nanocrystals solution by simple spin-
coating and drop casting, a more difficult challenge is to precisely position
single nanocrystals on a surface with good spatial precision and accuracy.
This is a prerequisite for many advanced, nanocrystal-based applications such
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as single molecule detection, single electron transistors and switches, high-
density data storage, single photon sources and quantum computing. There-
fore, a new form of nanofabrication is required that can facilitate and enable
single nanocrystal positioning.

1.2 Nanofabrication

Nanofabrication tools,[10, 62–64] born from rapid developments in
microelectronics from the 1960s to the 1990s, are now routinely accessible at
institutions across the world. The specific technology that relates to pattern
replication at the nanoscale is termed lithography and encompasses
electron-beam lithography, photolithography, and nanosphere lithography,
amongst others.[65] We can broadly classify nanofabrication methods into
two categories. The first is self-assembled, template-based nanofabrication,
where a self-assembled superstructure templates the deposition of a
nanomaterial. Examples of this include nanosphere lithography for
hexagonal structure fabrication,[66] sol-gel structures for creating porous
templates,[67] polymer gel controlled plasmonic arrays,[68] fast pyrolysis for
creating hollow structures,[69] finely aligned nanorod arrays[70] and
DNA-scaffolding.[71–73] These template-based processes are widely used
due to their simplicity, low fabrication cost, and readily controlled pattern
size. However, such methods can often only be used to template a limited
range of patterns and offer little control over the final nanomaterial
morphology.[62]

The second category of nanofabrication method we call “arbitrary nanofab-
rication”. This refers to any process that is based on a hard template, which can
be patterned “arbitrarily” using for example, electron beam lithography (EBL)
or focused ion beam lithography (FIB). Due to the independent and determin-
istic fabrication of each unit, such lithography based nanofabrication enables
the construction of more sophisticated nanostructures than soft-templated
processes – in terms of dimensions, morphology, materials and higher-order
structures. Many studies have demonstrated the power of such arbitrary unit-
based nanofabrication for applications such as plasmonic coupling,[74] optical
display devices[75] and sensors.[76]
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Both of the above nanofabrication strategies (soft template fabrication and
lithography-based fabrication) typically produce templates through which
material is deposited via top-down evaporative processes, e.g. physical
vapour deposition (PVD). However, such deposition processes offer only a
limited range of possible material combinations and there is no control over
crystallinity and only poor control over the nanocrystal morphology. The
converse is true for nanocrystals synthesised in solution, where there is a high
degree of control over nanocrystal size, morphology, and crystallinity.
Furthermore, complex materials such as core-shell nanocrystals are
impossible to make via PVD processes but are easily synthesised chemically.
Therefore, combining top-down lithography nanofabrication tools with
“bottom-up synthesised” nanocrystals appears to combine the best of both
approaches, offering near-endless possibilities for nanofabrication and
providing a robust platform for breaking the current bottlenecks in
nanomaterials assembly. However, unifying both approaches introduces a
range of challenges.

1.2.1 The Development of Arbitrary Unit Nanofabrication

In this section, we introduce the process of arbitrary unit nanofabrication,
which combines multiple (well-established) steps including resist coating, pat-
tern lithography, nanostructure deposition and post-fabrication development
as shown in figure 1.4. We will focus mainly on the developments around
pattern lithography methods and nanomaterial deposition. Our over-arching
goal is to identify the best methods for controlled patterning and positioning
of arbitrary single nanocrystals on a substrate. We summarise briefly the pros
and cons of some common lithography platforms, in order to justify the final
approach taken in this thesis.

Top-down lithographic tools are normally used to generate the mould of the
nano-unit by applying energy to change or break the structure of the resist
coating, as illustrated in figure 1.4a. While photolithography is widely used to
form microstructures and alignment markers, it is not suitable for generating
accurate patterns at the nanoscale. In order to achieve sub-100 nm features,
electron or ion beams (Ga, He) are normally used. With cutting edge EBL
techniques, it is now possible to obtain a spatial resolution of less than 10



8 Chapter 1. Introduction

nm.[77–79] However, EBL requires sophisticated and expensive equipment
and it is a relatively slow process for large scale patterning. For example,
a 6 cm2 area containing 50 nm features requires around 5 h of EBL time,
not including resist development. Nevertheless, it is invaluable as a primary
prototyping method due to its high reproducibility and resolution.

FIGURE 1.4: Fabrication of arbitrary nanounit arrays. (a) Schematic of the general
fabrication process. (b) Examples of three commonly used nano lithography
techniques. (c) Examples of three commonly used material deposition methods.

Nanoimprint lithography (NIL) overcomes the limited scalability of EBL-
based techniques.[80] NIL is a secondary fabrication technique, whereby the
template is transferred from a master stamp to a substrate, as shown in
figure 1.4b. The master stamp is normally fabricated by EBL with designed
concave-convex structures in a relatively stiff material. This master is then
used to stamp the pattern into a thin film of a curable polymer by applying
pressure. Finally, the master stamp is removed after the imprinted pattern has
been fixed by photo or thermal curing of the polymer.[81] A large number of
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nanostructures can be fabricated rapidly and simultaneously. In addition, NIL
can be readily adapted to roll-to-roll processes, thus overcoming the inherent
scalability issues with EBL.[82] One concern with NIL, particularly for single
nanocrystal deposition, is that due to the nature of the stamping process, the
residual resist will often be left at the bottom of imprinted nanostructures,
which complicates a number of the assembly methods that we describe later
in this thesis.

Scanning probe lithography (SPL) provides another approach to the gener-
ation of nanoscale features. The basic idea behind SPL is to induce changes
to the coating layer using the scanning probe tip.[83, 84] This probe alters
the coating resist through the application of thermal, mechanical or chemical
interactions with the substrate. For example, heated probes can be used to
selectively induce local oxidation of the substrate, and these regions then act
as binding sites for nanocrystals. Alternatively, the probe can carry chemical
species that are deposited onto the substrate when in contact – termed dip-
pen SPL.[85] SPL opens up the ability to fabricate inclined structures and
thus generate nanostructures in greyscale – something very challenging to
achieve via EBL.[86] Like EBL, SPL is a process whereby the nanostructures are
patterned in a serial manner and thus the technique cannot be readily scaled
up. However, patterns generated by SPL can be transferred via etching to a
substrate for use in NIL and then scaled up.

1.2.2 Top-Down Fabrication Methods

To fabricate the desired nanocrystal arrays, the material is often deposited
across the entire template via a top-down process such as PVD as shown
in figure 1.4c, followed by lift-off of the underlying resist to leave only the
nanostructures on the substrate. In one instance of PVD, the target material is
evaporated under ultrahigh vacuum by heating the target material with a large
current or by heating with an electron beam. The vapour then deposits and so-
lidifies on the surface of the substrate with nanometre thickness control. Many
metals and a large number of alloys and metal oxides have been successfully
deposited by PVD methods.[87, 88] However, the choice of binary materials
and molecular compounds is still comparatively limited and there is also little
potential for creating more complicated 3D nanostructures. Additionally, there
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is poor control over the crystallinity of deposited materials and most metal
structures are polycrystalline while most metal oxide layers produced this way
are amorphous.

Another deposition method, which has far lower production costs, is elec-
trochemical deposition (ECD). The basic principle of ECD is to flow an electric
current through a conductive substrate, which reduces ionic species in solution
or oxidises the substrate or reduced material in solution, leading to nucleation
and growth of material on the subtrate.[89] ECD is used in many industry
fields for large scale surface coating or plating. By combining this with nanos-
tructured lithography, the ECD method has been developed into an effective
and convenient method for the scalable deposition of nanostructures.[90–92]
However, as with PVD, the choice of materials in ECD is limited due to the
range of soluble precursors. It is also challenging to control the crystallinity
and quality of the deposited nanounit.

Recently, atomic layer deposition (ALD) has become a widely used tech-
nique for the fabrication of complex nanostructures. ALD constructs materials
conformally on surfaces by sequential injection of a first precursor into a
vacuum chamber that reacts with the substrate in a self-terminating fashion
followed by injection of a second reactive precursor.[93] This builds up thin
films one atomic layer at a time. A major advantage of ALD is the excellent,
ultra-thin, conformal coating it generates, i.e. pin-hole free, as well as the wide
range of available materials and reasonable control over crystallinity. One
complicating factor is that the precursor will often react with both the substrate
and any resist. Hence the chemistry of the resist needs to be considered. In
some cases, the ALD precursors can be deliberately designed to convert the
resist into other compounds, termed sequential infiltration synthesis.[94, 95]

1.2.3 Key Applications in Nanofabrication

The goal of nanofabrication is to open up new applications that can be
achieved only through structuring with nanometre resolution. This includes
fabrication of plasmonic structures, quantised fluorescent nanostructures, and
structural materials which exhibit chiral colour.[96–99] Nanofabrication is also
widely used for advanced electronics and novel sensing devices.[100, 101]
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Here, we selected a few representative examples to briefly introduce the
applications of nanofabrication.

FIGURE 1.5: Current development and applications derived from arbitrary
unit nanofabrication. (a) EBL lithography patterned aluminium nanocrystal
arrays with different periodicity orders. The varied spacing leads to different
coupling across the arrays and results in a full-RGB plasmonic pixel. (Adapted
with permission.[19] Copyright 2016, American Chemical Society) (b) EBL
patterned and EBE deposition of aluminium nanostructures for fabrication of a
polarisation-sensitive plasmonic pixel in CMYK. (Adapted with permission.[18]
Copyright 2016, American Chemical Society) (c) Photolithography patterned
silver nanocrystal arrays selectively embedded in polymers. By tuning the air-
polymer patterning, the array can function as a single-focus lens or even multi-
planar lens. (Adapted with permission.[102] Copyright 2019, American Chemical
Society) (d) Photolithography patterned gold nanocrystal arrays fabricated as a
lasing device. A sharp and narrow emission is generated when the IR-140 dye
emission overlaps with lattice plasmon resonances of the gold nanocrystal array.
(Adapted under the terms of the CC BY license.[103] Copyright 2015, Nature

Publishing Group)

One area where single nanocrystal assembly is gaining importance is the
design and construction of materials with structural colour. For example,
researchers often couple the plasmonic properties of metallic nanocrystals with
periodic metamaterials to generate new and interesting optical effects.[98] In
order to achieve this coupling, highly accurate fabrication tools are needed
to ensure the plasmonic resonances of individual elements in the array are
suitably narrow.[104] In 2015, Olson et al. reported the fabrication of high-
chromaticity, aluminium plasmonic pixels in RGB colour, composed of indi-
vidual aluminium nanorods, fabricated by EBL and electron-beam evapora-
tion of the aluminium through the resist mask, as shown in figure 1.5a.[19] In
2016, James et al. reported the fabrication of a plasmonic pixel based image
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exhibiting CMYK gamut colours over large areas by arranging aluminium
nanocrystals in a Babinet screen structure as shown in figure1.5b.[18] Both
EBL and NIL were demonstrated to be effective methods for plasmonic pixel
fabrication meaning this is a scalable approach for the formation of materials
with structural colour. The efficacy of these plasmonic pixels relies on the gen-
eration of highly reproducible and accurate resist masks. In addition, another
important group of nanofabricated structures are helical metamaterials.[99,
105] These are mainly fabricated through top-down fabrication methods or
via DNA-assisted assembly methods. The resulting structures exhibit strong,
structurally dependent chiral optical properties and these can be used as
chiral nanoresonators[106] and asymmetric optics.[107] While most plasmonic
metals can be deposited via PVD, fabrication of more complex core-shell
structures, single crystal nanocrystals, and plasmonic metal oxides still neces-
sitates the use of colloid synthesis. Therefore, we expect even more plasmonic
pixel architectures could be fabricated by combining EBL/NIL with bottom-up
assembly of these plasmonic nanocrystals.

The manufacture of optical devices such as nanoantennas,[108]
metalenses[102] and lasing devices[103] has been widely impacted by the
development of nanofabrication methods. The fabrication accuracy of the
nanofabrication tools, the choice of materials and the quality of the
nanofabrication all significantly affect the resultant properties of the final
optical device. A typical example is the manufacture of meta-lenses for
optical imaging, as shown by Hu et al., who reported such reconfigurable
meta-lenses (Figure 1.5c).[102] These were fabricated by photolithography on
a Polydimethylsiloxane(PDMS) mask followed by PVD of 50 nm Au and Ag
nanocrystals. The surface lattice resonances of coupled nanocrystal arrays
were tuned by altering the local refractive index on each nanocrystal, leading
to optical phase and intensity differences. The resulting pattern enabled the
production of images in multiple planes for 3D and multifocal imaging. A
recent type of optical device that has attracted much attention is that of
coupled plasmonic lasers. Yong et al. reported a refractive index sensitive,
real-time tuneable plasmonic lasing system via nanofabrication of Au
nanocrystals (Figure 1.5d).[103] The device was fabricated by
photolithography of a mask followed by PVD of plasmonic metals combined
with IR-140 dye molecules. Due to the plasmon-exciton energy transfer
between lattice modes of the nanocrystal array and excitation of the
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molecular dye, a sharp and intense emission was generated.

Nanoelectronics, as a field, has rapidly expanded with applications beyond
computing such as information storage, optoelectronics, and biosensing.[83,
85, 109] One of the main challenges for the construction of nanoelectronic
devices is the ability to precisely fabricate various materials (not only semicon-
ductors) at the nanoscale with a high degree of structural flexibility. Scanning
probe lithography is one technique that can help to address this challenge.
SPL is a robust and flexible probe-driven fabrication method that enables
nanomaterials to be “written” on demand. Martinez et al. reported SPL-
based oxidative fabrication of silicon nanowires with 10-20 nm channel widths
transistors (Figure 1.6a).[10] In their study, a biased SPL probe locally oxidised
a silicon-on-insulator substrate thus forming an oxide mask with sub 20 nm
resolution, resulting in thin silicon wires after etching. Besides this, SPL
can also induce intermolecular changes for patterning of materials other than
semiconductors. Zimmermann et al. reported the use of SPL to pattern
fluorescent polymers by selectively quenching the fluorescent polymer with
heat (Figure 1.6b).[110] These fluorescence patterns were used to write QR
codes as shown in figure 1.6b, and this concept can be easily extended to the
nanoscale for generation of latent (hidden) optical features.

An important justification for single nanocrystal arrays is the burgeoning
demand for new sensing technologies with the potential to solve global chal-
lenges in health. As part of this demand, a sensing technology should possess
good sensitivity, fast response time and high biomolecular selectivity.[113] As
an example of how nanofabrication can help achieve this goal, Shen et al.
reported the fabrication of mushroom-like gold nanostructures as transducing
elements by photolithography followed by PVD (Figure 1.6c).[111] The cou-
pling between closely packed array elements and the mushroom morphology
greatly enhanced the plasmonic response of the device. The resulting reflection
spectrum of the array is very sensitive to changes in the local refractive index
resulting from the binding of targets. In another example, Li et al. reported the
fabrication of nanowire arrays for hepatitis C detection by photolithography
and ECD (Figure 1.6d).[112] The nanowires were functionalised with peptide
nucleic acid probe molecules and suspended above a gold thin film and
clamped with a gold electrode. The nanowire and Au thin film formed a
resonator system. When the nanowire array was exposed to a fluorescently
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FIGURE 1.6: Current development and applications derived from arbitrary unit
nanofabrication. (a) Oxidative SPL patterned silicon microcircuit. The flexibility
of SPL allows complex patterned structures to be realised. (Adapted with
permission.[10] Copyright 2010, Institute of Physics) (b) Thermal SPL generated
fluorescence pattern and corresponding AFM characterisation. (Adapted under
the terms of the ACS AuthorChoice licence.[110] Copyright 2017, American
Chemical Society) (c) Thermally evaporated gold mushroom arrays as refractive
index sensors with high figures of merit. The array structure gives rise to a
strong and sharp Fano resonance and increases the refractive index sensitivity.
(Adapted under the terms of the CC BY licence.[111] Copyright 2013, Nature
Publishing Group) (d) Electric field and electrochemically deposited silicon and
rhodium nanowires clamped by a gold electrode. The nanowires were coated
with peptide nucleic acid probe sequences for hepatitis C detection. (Adapted

with permission.[112] Copyright 2008, Nature Publishing Group)

labelled oligonucleotide, complementary to the hepatitis C probes, a fluores-
cence signal was observed on each of the nanowires. This approach allowed
an improvement in the selectivity and sensitivity of hepatitis C detection due
to the fabrication of an array of resonators with individual analytics on each
of the single resonator units. It also demonstrated the potential for arrays of
selectively functionalised nanocrystals to sense a multitude of targets on each
of the nanounits.
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1.2.4 Challenges: From Colloid to Solid State Device

As is evident from the above review, there are numerous lithography
techniques and material deposition methods available that can, in principle,
achieve "arbitrary unit nanofabrication". Each has specific advantages and
limitations, with different techniques chosen as needed.

As a result, we postulate that the most generic and powerful forms of
nanofabrication will require some kind of marriage of top-down and bottom-
up processes. The optimal outcome is top-down patterning and templating
via EBL or FIB and bottom-up assembly of nanocrystals or chemical objects.
For the specific case of single nanocrystal assembly there are at least 4 key
challenges that must be addressed and surmounted.

Challenge 1: To fabricate arrays of single nanocrystals with complex mor-
phologies.

Crucially, with current lithography methods, it is nearly impossible to fab-
ricate nanounits with complex structures such as ultra-smooth spheres,[21]
polyhedrons,[33, 114] nanostars,[12, 115] or core-shell particles.[120] These
nanocrystals have desirable physical and chemical properties. For example,
the gold nanostars shows in figure 1.7a exhibit extremely high Raman scatter-
ing intensities but cannot be created by conventional top-down processing and
deposition.

Challenge 2: To assemble pre-functionalised single nanocrystals.

Nanocrystals with controlled surface functionalisation are widely used as
selective sensing elements.[12, 13, 121] Typically, these materials are randomly
deposited onto substrates and studied as a random ensemble. If a controlled
array of these surface-functionalised nanocrystals could be fabricated, then
each unit could be individually addressed and, if they possessed various
chemistries, they could be massively multiplexed. However, conventional
deposition methods limit the possibility to achieve this.

Challenge 3: To assemble single nanocrystal patterns as demanded in multi-
ple dimensions.
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FIGURE 1.7: Challenges for single nanocrystal nanofabrication. The schematic
image in the middle shows four types of potential arrays that are challenging to
fabricate by conventional nanofabrication methods. These are: (a) Assembly of
nanocrystal arrays with controlled morphology. (Adapted with permission.[114]
Copyright 2008, American Chemical Society. Adapted under CC BY license.[33]
Copyright 2013, The Royal Society of Chemistry. Adapted under CC BY NC
ND license.[115] Copyright 2016, Wiley-VCH. Adapted with permission.[116]
Copyright 2016, American Chemical Society) (b) Assembly of surface func-
tionalized nanocrystal arrays.(Adapted with permission.[12] Copyright 2016,
American Chemical Society. Adapted with permission.[13] Copyright 2017,
American Chemical Society) (c) Assembly of arrays with complex morphologies.
(Adapted with permission.[117] Copyright 2009, American Chemical Society.
Adapted with permission.[118] Copyright 2010, American Chemical Society) (d)
Assembly of arrays of nanocrystals with complex internal structure e.g. core-shell
nanocrystals. (Adapted with permission.[4] Copyright 2013, American Chemical
Society. Adapted with permission.[119] Copyright 2013, American Chemical

Society)

Coupling between nanocrystals often leads to the rise of new exotic prop-
erties that are challenging to achieve with a single nanocrystal. This coupling
effect between particles is highly dependent on how the coupling units are
constructed,[117] such as the coupling distance between particles,[104] the ge-
ometry of the building blocks[74] and the materials they are constructed from.
However, most reports on nanocrystal coupling have been limited to two-
dimensional, (in-plane) coupled systems. Therefore, there is an opportunity
to develop other nanofabrication tools to scalably and reproducibly generate
coupled nanostructures in three dimensions.

Challenge 4: To assemble nanocrystals of any material or composite.
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Top-down processes are limited in terms of the materials that can be de-
posited. However, nanocrystals have been synthesised from the majority of
elements of the periodic table and in a plethora of combinations. Depending on
their composition, size, and molecular structure, they can exhibit outstanding
and unique properties. For example, cadmium selenide (CdSe) nanocrystals[4,
5] exhibit size-dependent, high quantum yield luminescence but this effect
cannot be reproduced using top-down deposition. Metal-organic-frameworks
(MOF) are also promising materials that could benefit greatly from inclusion
into nanofabricated devices.[119, 122] With nanofabrication, MOF nanocrys-
tals can enable further progress in catalysis,[123] energy storage[124] and
targeted bio-absorption.[125] Again, these materials, in their most efficacious
form, cannot be deposited via conventional, top-down PVD tools.

In summary, EBL and FIB are the optimal techniques for generating patterns
in substrates down to 10 nm spatial resolution. They enable arbitrary pattern
generation and a wide range of substrates can be used. However, no top
down deposition methods (PVD, CVD, ALD) can offer the range of properties
available via wet-chemical synthesis. Hence, the challenge is to assemble
nanocrystals on FIB/EBL patterned substrates.

1.3 Directed Nanocrystal Assembly

To populate a patterned substrate with single nanocrystals, we need to apply
an external force (Figure 1.8).[100, 101] The external force needs to fulfil the
following requirements:

1) There needs to be an interaction between the substrate and nanocrystal
sufficiently different to the nanocrystal-resist interaction.

2) The external force needs to be able to overcome Brownian motion,
particle-substrate repulsion, and particle-resist interactions.

3) The external force must be able to be modulated so that the assembly
parameters can be optimised according to the target nanocrystal’s shape and
size and it must be able to accommodate differences in the pattern structure on
the substrate.
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FIGURE 1.8: Overview of directed assembly processing. The wet-chemically-
synthesised nanocrystals and lithographically patterned templates are assembled
together in a cell. To achieve nanocrystal assembly, an external force is required to
drive the nanocrystals to deposit on the template. To achieve selective deposition
into the wells, physical or chemical or biological contrast between the wells and

the resist is required

4) The external force must enable the assembly of single nanocrystals ex-
tremely quickly preferably in a parallel fashion, rather than via a serial process.

Based on those requirements, several assembly methods have been pro-
posed, which we assess in the following sections.

1.3.1 Capillary Force Assembly

One of the most studied methods for alignment and assembly of discrete,
single nanoscale objects is capillary-based assembly. The principles of this
process are outlined in figure 1.9.[131] A template is prepared, consisting of
a poly(methyl methacrylate) (PMMA) coated substrate, in which wells are
constructed by EBL followed by the development of the PMMA. The wells are
usually designed to accommodate a single nanocrystal of a particular shape.
The resolution and quality are therefore limited primarily by the EBL tool
and particles down to 10-20 nm in diameter can be assembled. A solution
of the nanocrystals is applied to the template and drawn over the surface by
two methods. In the first case, the solvent simply evaporates while in the
second it is actively drawn across the surface. At the three-phase contact
line, there is a residual downward force due to surface tension that acts
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FIGURE 1.9: Overview of capillary force assembly (CFA). (a) A nanopatterned
resist is created by FIB or EBL. Passive evaporation of the solvent leads to
the steady migration of the three-phase contact line over the template. The
dynamic, receding contact angle leads to a residual downward tension that
drives particles into the cavities.[126, 127] (b) Assembly of gold nanorods into
rectangular cavities by CFA. The array exhibits excellent cavity-dependent,
orientation properties. (Adapted with permission.[128] Copyright 2012, Wiley-
VCH) (c) CFA of gold-nickel-gold nanowires arrays. This assembly also shows
excellent cavity-dependent orientation and the approach has been extended to
other nanomaterials. (Adapted with permission.[129] Copyright 2014, American
Chemical Society) (d) Assembly of nearly perfect oriented gold nanorod arrays
by capillary force assembly. The funnel shaped cavity and well were designed
to improve the degree of alignment of the gold nanorods within the cavities.

(Adapted with permission.[130] Copyright 2017, Nature Publishing Group)
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to push particles into the cavities. By controlling the moving speed of the
interface and the contact angle, the template may be almost quantitatively
filled. The capillary assembly method has been applied to a number of
micrometre scale particles such as latex,[132] as well as gold nanospheres[126]
and gold nanorods.[128, 133] There is also excellent control over the numbers
or arrangements of nanocrystals placed into each unit cell, this can range from
single nanocrystals up to close-packed superstructures.[134, 135] Of particular
importance is the fact that the assembly force can be applied to a wide range
of nanocrystals: inorganic, organic, or hybrid, as well as to nanocrystals with
different shapes and sizes. It has been successfully used to orient particles on
surfaces as well,[129] as shown in figure 1.9.

While it is an attractive method, in practice capillary force assembly (CFA)
has a number of critical drawbacks that have prevented large scale implemen-
tation. First, the range of contact angles that yield high filling fractions is quite
small, usually around 40-45 degrees. This is a function of the surface tension
of the wetting liquid. Hence the choice of particle, substrate (PMMA) and
solvent must be chosen carefully. Both complete wetting (contact angle < 10°)
and non-wetting (contact angle > 80°) do not allow efficacious deposition. In
many cases, water has been used since its contact angle with PMMA is close
to the desired range. The PMMA can be made more or less wetting by plasma
treatment or chemical oxidation, or by adsorption of a thin polymer layer.
However, the contact angle is highly sensitive to the presence of surfactants
and polymers, which both reduce the solvent-air surface tension. Considerable
effort to purify nanocrystal solutions is therefore needed in order to maintain
a reproducible interfacial tension. A bigger drawback is capillary pinning.
Depending on the exact profile of the cavity rims, the three-phase contact
line can readily become pinned on cavities. This is also exacerbated by any
impurity (e.g. dust) on the surface or surface roughness from the initial
lithography. Under these circumstances, the contact line becomes pinned,
while the main solvent front continues to recede across the surface. The solvent
interface near the pinned region then jumps, often tens of microns in order to
restore the contact line, resulting in large areas of unfilled cavities. Scale up
has been a major impediment to this method.

Table 1.1 lists some of the works where all the relevant parameters can be
extracted from the CFA experiments. It shows that deposition speeds of 1–100
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µm/s are most efficacious but that areas larger than a few 100 µm2 are difficult
to achieve. Although individual cavities may be down to 20 nm in diameter,
the cavities need to be spaced quite far apart for quantitative filling. High
density assembly is not possible due to the difficulty of obtaining the necessary
curvature of the contact line.

Source Contact Angle Contact Line Maximum Minimum Inter-
Speed Array Area Cavity Spacing

Cui et al.[136] 10°to 30° Not stated 100 × 100 µm2 1 µm
Pinedo-Rivera et al.[126] 24°to 37° 1.7 to 3.3 µm/s Not stated 2 µm
Pinedo-Rivera et al.[127] 30° ≈1 to 3 µm/s Not stated 4 µm

Kuemin et al.[133] 56° 2 µm/s ≈ 80 × 80 µm2 1 µm
Fan et al.[137] 25° 0.6µm/s Not stated 2 µm
Rey et al.[138] 50° 0.1µm/s Not stated Not stated

Kuemin et al.[128] 35° 0.5 to 1µm/s 50 × 60 µm2 0.5 µm
Kraus et al.[139] 50°to 60° 0.3µm/s 80 × 80 µm2 0.28 µm
Liddle et al.[140] 10°to 30° 0.17µm/s Not stated 1 µm

Gordon and Peyrade[141] Not stated 0.1 to 2 µm/s 100 × 100 µm2 0.85 µm
Malaquin et al.[142] 30°to 60° 0.2 to 10 µm/s Not stated 0.1 µm
Mehraeen et al.[143] 12° 1.5, 5 and 17 µm/s Not stated Not stated

Asbahi et al.[144] 12° 10µm/s 5.4 × 4 µm2 0.027µm

TABLE 1.1: Lists some of the works where all the relevant parameters can be
extracted from the CFA experiments. It shows that deposition speeds of 1-100
µm/s are most efficacious but that areas larger than a few 100 µm2 are difficult
to achieve. Although individual cavities may be down to 20 nm in diameter, the
cavities need to be spaced quite far apart (> 1 µm) for quantitative filling. High
density assembly is not possible due to the difficulty of obtaining the necessary

curvature of the contact line

The theory of CFA is still in its infancy. Double layer interactions between
the particles and between the particles and the substrate are not included
in the current models. Furthermore, hydrodynamic effects that occur as the
particle displaces the solvent in the well have been neglected thus far, while
Marangoni effects at the contact line due to the rapid changes in surfactant
and salt concentrations have also not been incorporated into modelling to
date. However, progress in improving the deposition efficiency using more
elaborate, funnel-shaped cavities have been reported (Figure 1.9d). A further
challenge is understanding the transition between single particle filling and
multiple particle filling. It will be extremely useful to be able to generate
well-defined clusters in these arrays as demonstrated by Mapperson but this
process has not been modelled to date. Mapperson has also argued that the
receding contact angle is poorly defined in these dynamic systems and needs
to be determined for each individual system under study.[131]
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1.3.2 Electrostatic Assembly

The first use of patterned electrostatic charges to print oppositely charged
particles dates back to 1938 when xerography, originally coined electrophotog-
raphy, was invented by Chester Carlson.[145] In this process, charge contrast
on a photoconductive surface was generated by illumination through a nega-
tive mask (i.e. the document to be copied), and this surface then attracted the
dry toner particles. Here, we consider the liquid-phase equivalent, where a
patterned surface charge is used to attract oppositely charged nanocrystals in
suspension, as shown in figure 1.10a.

Electrostatic charges can be immobilised on the surface of, or trapped
within, a substrate by various methods. One of the earliest applications used
short voltage pulses between a conductive atomic force microscopy (AFM)
probe and an insulating substrate to locally deposit electrical charge, positive
or negative.[146] These charges can be immobilised in insulators such as
PMMA,[146] sapphire crystals,[146] native oxides on silicon[147] and
PTFE[148] among others. This is commonly referred to as AFM
nanoxerography and can be performed in parallel using electrode stamps,
inspired by microcontact printing soft lithography.[147, 149–152] While the
resolution of these stamps is limited by the standard of the lithographic
technique used to make them, advances in focused particle beam technologies
suggest this is a promising route to high resolution arrays of single
nanocrystals.[153]

An alternative process is to use conventional lithography to fabricate a
pattern with some form of chemical contrast, and then to selectively function-
alised the pattern with charged functional groups. As an example, amino-
propyltriethoxysilane has been used to functionalised a silicon oxide sur-
face. Patterned PMMA films provided electrostatic contrast.[155] Alterna-
tively, AFM probes can be used to selectively oxidise the surface of a silicon
wafer which provides electrostatic contrast with high resolution sufficient to
assembly single ferritin molecules in rows.[157] In another example, polyly-
sine was shown to preferentially bind to a glass substrate coated with a
PMMA mask providing binding sites for negatively charged nanocrystals in
suspension.[158]
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FIGURE 1.10: Summary of electrostatic assembly. (a) Schematic image to illustrate
the principle of electrostatic assembly. The nanocrystal is firstly functionalised
with ionic charges, typically through ligand adsorption. Then the substrate
cavity is functionalised with the complementary charge. Finally, it is useful
where possible to ensure the PMMA substrate has the same surface charge as the
nanocrystals. Due to the electrostatic attraction between the nanocrystal and the
cavities, and the surface charge contrast between the PMMA and the nanocrystals,
the nanocrystal will preferentially diffuse (migrate) to the cavities and will adsorb
within the cavities. (b) Numerical simulations for the force fields acting during
deposition of gold nanocrystals in ethanol. (Reproduced with permission.[154]
Copyright 2011, Institute of Physics) (c) An array of gold nanocrystals assembled
by electrostatic forces. The surfaces of the gold nanocrystals were functionalised
with negatively charged bis(p-sulfonatophenyl) phenylphosphine (BSPP) while
the surface of the silica substrate was functionalised with positive charges by
salinisation with aminopropytriethoxysilane. (Reproduced with permission.[155]
Copyright 2018, American Chemical Society) (d) Binary, electrostatic assembly
of nanogels. The substrate pattern was made by depositing either positive or
negative charges via Kelvin force microscopy (KFM). Nanogels with different
functional groups (carboxylic groups for negative charge, amide moieties for
positive charge) could be selectively assembled. (Adapted with permission.[156]

Copyright 2018, American Chemical Society)
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A number of requirements must be met for high-resolution, deterministic
single nanocrystal assembly. (1) The patterned charges should be deposited
with high spatial resolution, ideally similar to the size of the material be-
ing deposited. Note the effective size in solution includes the double layer
thickness (i.e. Debye length), and the surface charges need to be relatively
immobile. (2) The dielectric strength of the suspending media should be
high enough to ensure the electrical fields on adjacent patches of surface-
bound electrical charges do not significantly overlap. (3) The nanocrystals
need to carry sufficient charge to overcome Brownian motion and deposit on
the patterned substrates. (4) There should be enough repulsion between the
suspended nanocrystals and the background substrate to avoid non-specific
deposition.

Kinnear et al. recently demonstrated electrostatic assembly where a SiO2

surface was functionalised with amine groups and patterned with PMMA via
EBL (Figure 1.10c).[155] The PMMA film bore a slight negative charge in the
aqueous media and thus high electrostatic contrast was generated between
the background and the pattern enabling the deposition of single or clusters
of negatively charged gold nanocrystals, from 10 to 120 nm. Addition of
salt screened both the inter-particle electrostatic repulsion and the repulsion
from the PMMA thus leading to clusters of spheres depositing within each
pattern. In a similar approach, electrostatic focusing has been shown to work
for silver and gold nanocrystal aerosols, and deposition with extremely high
resolution was achieved when there was differential charging between the
photoresist and electrode.[159, 160] The concept of focusing also applies to
planar electrostatic patterns where single negatively-charged gold nanorods
were assembled onto positive stripes of polymer despite the pattern being
large enough to accommodate more than one nanorod.[161] In this example,
repulsion between neighbouring rods, through control of the ionic strength,
was used to alter the number of printed rods per stripe.

Highly localised and immobilised charges can also be readily obtained by
AFM nanoxerography. As shown in figure 1.10d, Ressier and coworkers used
nanoxerography to write various images on a PMMA film, which were then
developed when exposed to cationic or anionic Poly(N-isopropylacrylamide)
(pNIPAm) nanocrystals.[156] In this example, nanoxerography was used to
attract clusters of nanocrystals in order to detect hidden patterns in a
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concentration-dependent encryption method. However, if the charges are
written with the highest possible resolution, then single nanocrystals can be
adsorbed. In an earlier paper, Ressier et al. showed this by writing lines
comprising single charge dots, which act as anchor points for the adsorption
of slightly negatively charged gold nanowires in hexane.[162] Lines
composed of dots spaced 200 nm apart written with either +70 V or +55 V
pulses led to the deposition of linear bundles of gold nanowires. However,
when the voltage pulses were decreased to +30 V and spaced 50 nm apart,
they observed deposition of a single gold nanowire, only 1.7 nm in diameter,
elongated along the line of charged dots proving that even the smallest of
nanocrystals can be electrostatically printed with extremely high resolution.
While this works well for AFM-based nanoxerography, as well as surface
charging with electron beams or ion beams,[153, 163] the scalable equivalent,
electrical NIL, is still limited by the large size of the stamps used to transfer
charge.[151, 152, 164–168] We are not aware of any example in the literature
where a scalable nanoxerography approach has been used to assembly single,
sub 50 nm nanocrystals from suspension.

1.3.3 Optical Printing

FIGURE 1.11: Summary of optical printing of single nanocrystals. (a) Optical
printing of single gold and silver nanocrystals. A focused laser was used
to guide and drive the nanocrystal to deposited onto the surface. (Adapted
with permission.[169] Copyright 2017, American Chemical Society) (b) A 8 ×
8 array (left) and a “smiley face” (right) pattern assembled with single 80 nm
gold nanocrystals. (Adapted with permission.[170] Copyright 2011, American

Chemical Society)

In addition to electrostatics and convective-capillary forces, the electro-
magnetic fields generated from tightly focused laser light enable the trapping
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and printing of single nanocrystals with high precision and accuracy – this
process is termed optical printing. The Nobel Prize in Physics for 2018 was
awarded for work in the field of laser physics, in part for the development of
optical tweezers. While this technique was widely used for trapping dielectric
microparticles and cells, it was discovered in 1994 that it could also be utilised
to trap sub-wavelength sized metallic nanocrystals.[171] This phenomenon
is often created by a highly focused laser beam which generated by a set of
numerical aperture objective. Then the particles which are close to the laser
beam will experience a force due to plasmon enhancement, optical binding and
transfer of momentum from the scattering of photons.[172–176] Laser printing
of single nanocrystals is carried out by first trapping them, and then using the
radiation pressure of the trap to direct them close to a substrate where van
der Waals forces take over and irreversibly bind the nanocrystal to the surface,
as shown in figure 1.11a. Urban et al. used this phenomenon to laser print
80 nm gold nanocrystals with a cationic polyelectrolyte (Polydiallyldimethy-
lammonium chloride, pDADMAC) onto a positively charged surface with 50
nm precision, at a rate of roughly 5 s per particle.[177] They found that the
printing precision was affected by laser-induced heating, Brownian motion,
and the ratio of axial (towards the substrate) to radial (towards the centre of
the optical trap) forces in the optical trap. Gargiulo et al. recently studied these
effects for 60 nm Au and Ag nanocrystals and found similar levels of precision
with radial standard deviations of around 38 nm. This was independent of
laser polarisation and resulted in a printing time of around 5 s per nanocrystal.
They also described the role of illuminating on or off-resonance: on-resonance
provided high resolution printing only at low powers, whereas the precision
was slightly poorer off-resonance and independent of the laser power.[178]

Laser printing has also been used to print Au and Ag nanocrystals in close
proximity to one another, as long as their LSPRs are offset.[178] When there is
no offset, the focused laser heats up the nanocrystal printed first, which leads
to thermophoretic repulsion, which in turn prevents the deposition of a second
nanocrystal nearby. Thermodiffusion coefficients are normally positive mean-
ing particles move from hotter regions to colder ones. In some cases, however,
highly charged nanocrystals in solutions of high ionic strength diffuse towards
hotter regions – this effect was used by Lin et al. to laser print clusters of
plasmonic nanocrystals.[179] Others have used phase masks to tune the optical
beam shape in order to deposit lines and arrays of nanocrystals.[180] Two
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lasers are employed to control the orientation of printed gold nanorods and
then deposit them within 1 s,[181] while a spatial light modulator enables
the printing of an 8 x 8 array of 80 nm Au nanocrystals in 10 s (Figure
1.11b).[170] And in another case selective printing of differently shaped gold
nanocrystals from mixtures in suspension was demonstrated.[182] Although
these experiments all represent significant advances in the optical printing of
single nanocrystals from suspension, challenges still remain. Specifically, these
techniques have been widely applied only to plasmonic materials such as Au
and Ag. More studies of its application to insulating or semiconducting ma-
terials are needed.[174] Methods to facilitate parallel printing are also needed
for this method to reach the commercial application.

1.3.4 DNA Assisted Assembly

A number of different chemical functionalities have been used to achieve di-
rected chemical assembly, such as diblock co-polymer, amide coupling chem-
istry, and thiolated self-assembled mono-layer,[183] but DNA offers excep-
tional versatility albeit at the higher cost of synthesis.[184]

One of the most selective and versatile chemical binding motifs for directed
assembly is between nucleic acids in the DNA molecule.[189] Ijiro et al. has
recently published a review article regarding the current development of DNA
assisted assembly of nanostructures.[184] They addressed that the flexible
programmablility of DNA assisted assembly provides a great possibilities for
assembling versatile nanostructures with nanometre precision. Over the past
two decades, DNA nanotechnology has rapidly grown into one of the most
powerful tools for constructing assemblies of nanocrystals for use in applica-
tions ranging from optical devices[190] to drug-delivery.[191–193] To assemble
discrete structures in solution, there are two common approaches: Firstly, the
nanocrystals of interest are functionalised with single-strand DNA (ssDNA)
that only binds to specific locations on either a DNA scaffold or ssDNA on
another nanocrystal.[194, 195] Secondly, the nanocrystals are functionalised
with ssDNA that assembles with other ssDNA where the nanocrystals form
a part of the lattice, i.e. they are the tiles in a lattice.[196] These structures
in solution, or alternatively single ssDNA functionalised nanocrystals, can
then be bound via specific DNA motifs, or electrostatically, to lithographically
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FIGURE 1.12: Summary of directed chemical assembly with DNA. (a) DNA
assisted direct assembly. Single strand DNA was functionalised on the surface of
gold nanocubes. The complementary DNA strand was selectively functionalised
at the bottom of the template cavities. The bonding between two DNA strands
drives the particles to assemble as designed. (Adapted with permission.[185]
Copyright 2015, American Chemical Society) (b) Scanning electron microscope
and corresponding schematic illustration of 1D gold nanocrystal superstructures
assembled by DNA. (Adapted with permission.[186] Copyright 2018, American
Association for the Advancement of Science) (c) DNA-assisted temperature
dependent direct assembly of oriented gold nanorod arrays. (Adapted with
permission.[187] Copyright 2019, American Chemical Society) (d) Double-strand
DNA assisted assembled of vertically aligned gold nanorod arrays. (Adapted

under CC BY licence.[188] Copyright 2019, American Chemical Society)
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defined patterns on a substrate to realise highly accurate printing of higher-
order nanocrystal assemblies.[190]

One method to facilitate the DNA-mediated and deterministic assembly of
single nanocrystals in 2D arrays is to use lithographic templates to define bind-
ing nodes for DNA-coated nanocrystals.[197] The Mirkin group has recently
described this method in a number of publications.[185, 198, 199] Briefly, they
used electron-beam lithography to write patterns in a thin PMMA film on a
gold surface which was functionalised with rigid and thiolated DNA strands.
Metallic nanocrystals in suspension were functionalised with the complemen-
tary DNA strand, which resulted in their hybridisation and assembly into the
cavities in the PMMA substrate. These pores were lithographically defined
such that only one nanocrystal could assemble at each node. This resulted
in high assembly yields (>98%) with minimal non-specific adsorption of gold
nanocubes and nanospheres.[185] As an example of an application for this
technique, they assembled nanocubes of two different sizes in two overlaid
patterns and when viewed at the two different resonance wavelengths of the
cubes, the two spectrally-encrypted patterns were extracted.[198]

As a first approximation, the adsorption of nanocrystals to substrates can
be modelled via the Langmuir adsorption isotherm, where the surface cov-
erage is determined only by the concentration of nanocrystals as well as
their adsorption and desorption rate constants.[200] When the substrate is
composed of binding nodes within a polymer pore, it has been shown that the
assembly kinetics still obey the Langmuir adsorption model.[185] However,
the kinetics drastically change, depending on the pore depth and rapidly
slows down with increasing depth. Thus, rapid assembly necessitates a pore
with thickness around the same dimension as the nanocrystal. However,
one advantage of a deep pore and DNA-based assembly, is that nanocrystals
of alternating complementary strands can be vertically stacked inside the
pore with remarkable control.[185, 186] Figure 1.12b shows this for the case
of nanocubes and nanospheres of various dimensions, vertically stacked via
DNA-based assembly into lithographic patterns.

The DNA assisted nanocrystals assembly is also able to control the orien-
tation of asymmetric nanocrystals (eg. gold nanorods). Vinayak P. Dravid
et al. reported the preparation of orientation programmable gold nanorod
arrays by tuning the assembly temperature (Figure 1.12c).[187] In their report,
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they prepared the assembly template by ssDNA with the assistance of EBL
to control the final orientation of nanorods. They functionalised the substrate
with ssDNA at different site densities, such that, the EBL exposed areas had
higher ssDNA density and the remaining areas had a lower ssDNA density.
Then, by tuning the assembly temperature, the gold nanorods, functionalised
with complementary ssDNA, could be oriented. Vertical orientation can also
be achieved by DNA assisted assembly. Ijiro et al. reported vertically aligned
gold nanorod arrays on a double-strand DNA (dsDNA) grafted substrate
(Figure 1.12d).[188] In their report, the assembly substrate was firstly func-
tionalised by standing dsDNA as a DNA brush. Then under the electrostatic
interaction between the cationic functionalised gold nanorods and the dsDNA
on substrate, vertically oriented gold nanorod arrays could be achieved.

The techniques, such as capillary force assembly and electrostatic assem-
bly, described previously largely rely on the fabrication of a template with
confined patterns, often via electron beam lithography. While this is neither
scalable nor economical, advances in both nanoimprint lithography and block-
copolymer lithography promise a potentially scalable and economical route
towards nanofabrication of these templates. However, to date, the studies de-
scribing DNA-based assembly of nanocrystal arrays on 2D substrates require
long equilibration times, typically 12-24 hours, which means these methods
will be predominantly limited to high-value niche applications.

1.4 Electrophoretic Deposition

Electrophoretic deposition (EPD) is a method used to deposit charged mate-
rials onto an electrically conductive surface and has been extensively studied
since the 19th century.[201, 202] It is an external stimulation driven process,
where the key determine and control parameters are introduced externally
at the macroscopic level. So, for a given system, the EPD process can be
well controlled by tuning the applied parameters and adapted to a large
scale. Therefore, EPD has been employed as a scaleable approach for materials
coating and deposition in many aspects of applications such as precious metal
coating, layer-by-layer composite formation, dye or pigment painting etc..[203]
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1.4.1 The Electrical Double Layer and Charged Particle

FIGURE 1.13: Gouy-Chapman double layer model. (a) Schematic representation
of a diffuse electric double layer base on Gouy-Chapman model. (a) The
concentration of ions in solution as a function of distance from surface. (b) The

potential distribution as a function of distance.

In order to conduct EPD, the particles themselves must bear a surface
electric charge. This is commonly the case since the charge is used to stabilise
the particles against aggregation in polar media (such as water). Surface
charges may arise on a particle due to redox reactions (e.g. on gold or silver
nanocrystals), surface acid-base reactions (e.g. on silica or latex) or due to
adsorption of ions, polyelectrolytes or surfactants from solution. To maintain
electroneutrality, there is a cloud of counterions present in the solution, which
will tend to amass near the charged particle. Hence ions of opposite charge are
attracted by the particle and ions of like charge are repelled. This distribution
of ions in the solution will form a double layer near the particles. In more so-
phisticated treatments, this double layer is considered to be composed of two
continuous regions: (1) an inner region close to the particle, which comprises
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strongly bound counterions and solvent molecules and (2) a diffuse region
wherein ions are distributed according to the influence of electrical forces.
The simplest quantitative treatment of the diffuse part of the double layer was
carried out by Gouy and Chapman in 1910.[204] They proposed that the charge
distribution in the diffuse layer next to a flat charged surface is given by the
Boltzmann distribution as shown in figure 1.13.

FIGURE 1.14: (a) Schematic representation of the structure of electric double layer
based on Stern’s theory. (b) The potential distribution as a function of distance

based on Stern’s theory and Gouy-Chapman model.

For the inner region, Stern proposed a model in which the diffuse double
layer is separated from the actual surface by a plane (the Stern plane). Inside
the Stern plane, ions are strongly attached to the surface by electrostatic and/or
van der Waals forces. Beyond the Stern plane, the distribution of the ions
follows the Gouy-Chapman model (Figure 1.14). For a particle in solution,
the diffuse layer is spherical (Figure 1.15). Hence, the Poisson-Boltzmann
distribution of surface potential ψ for such spherical particle expressed as:

∇2ψ =
1
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dr
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) =

2zen0

ε
sinh

zeψ

kT
(1.1)

where r is the distance from the centre of the particle, z is the counter-ion
charge number (for the common 1-1 electrolyte, z = 1), ε is the permittivity
of the solvent, and e is the elementary charge. By solving the Poisson-
Boltzmann equation within the Debye-Hückel approximation, the distribution
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of the potential ψ at a given distance r in diffuse layer is described as: (with
the boundary conditions, ψ = ψd at r = d and ψ = 0 at r =∞)

ψ = ψdexp(−κ(r − d)) (1.2)

where ψd is the potential at the Stern plan, κ is the reciprocal of the double
layer thickness and d is the thickness of the Stern layer.

FIGURE 1.15: Schematic representation of the diffuse double layer around a
spherical particle in solution.

The experimentally determined electric potential at the surface of this par-
ticle is the potential at the surface of shear and is called the zeta potential (ζ).
Normally, the surface of shear is located at a small distance further out from the
surface than the Stern plane because the solvent will probably bind to ions near
the surface. Hence, the zeta potential, in general, is lower than the potential
on the Stern plane. The critical point here is that the speed of the particle is
controlled by the zeta potential, which can be experimentally determined. It is
the electric potential at the shear plane, relative to the bulk solution, due to the
surface charges and any bound counter ions in the Stern or inner region.
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1.4.2 Electrophoretic Deposition Process

EPD is a common technique used in many coating industries. Generally,
the particles deposited by EPD tend to be large – from microns to millimetres
in diameter. The primary goal is to apply an impervious layer of particles
to a surface, in order to minimise corrosion and degradation, adsorption of
unwanted contaminants such as bacteria, to control wetting and minimise the
access of moisture to surfaces.

FIGURE 1.16: Schematic representation of a brief EPD process.

Electrophoretic deposition is essentially a process comprising two steps:
electrophoresis and deposition (Figure 1.16).[205] Briefly: (1) Electrophoresis
refers to the migration of charged particles through a solvent under the influ-
ence of an AC or DC electric field. Negatively charged particles move towards
the anode and positively charged particles move towards the cathode. And (2)
Deposition is the coagulation and accumulation of particles on the surface of
the electrode. Charged particles are forcibly moved by the electric field and
finally stopped by depositing on the electrode. The most common explanation
of the deposition process is that the formation of the deposit by EPD is similar
to the formation of sediment due to gravity but instead driven by the electric
field. By those two steps, particles can be deposited onto the electrode as long
as they are charged and stable in suspension.
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Electrophoretic forces were first investigated by Smoluchowski in 1917.[206]
The mobility of a particle (µ) is defined as, in a DC electric field, its velocity, v,
divided by the strength of the applied electric field, E. Smoluchowski showed
that the mobility depends on the surface or electrokinetic zeta potential (ζ) of
the particle according to:

µ =
v

E
=

2

3

ε0εrζ

η
f(κr) (1.3)

Here ε0 is the vacuum permittivity, εr is the relative permittivity of the solvent,
η is the viscosity of the solvent and f(κr) is a function, which depends on the
particle radius (r) and the electrical double layer thickness (κ−1).[207] In turn,
the double layer thickness (κ−1) is determined by:[208]

κ−1 =

(
ε0εrkT

2cz2j e
2
0

) 1
2

(1.4)

Here k is the Boltzmann constant, z is the ion charge, e0 is the elementary
charge and c is the concentration of 1:1 electrolyte. Importantly, equations 1.3
and 1.4 explain the key parameters that determine the velocity of a particle in
an electric field. These parameters are (1) the electric field strength, E; (2) the
salt concentration, c, which determines κ, and (3) the zeta potential, ζ , which
controls the susceptibility of the particle to the applied field. The particle size
also plays a complex role through f(κr).

In reality, the applied electric field can influence nanocrystals in the solvent
by two distinct, mechanisms: electrophoresis and dielectrophoresis. The first
describes the direct Coulomb interaction between the charged nanocrystal and
the electric field E, generated on the electrodes:

FEP = QeffE (1.5)

where Qeff is the effective charge of the nanocrystals, approximated by:

Qeff = 4πζε0εrr (1.6)
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where ζ is the zeta potential, εr is the relative dielectric constant of the solvent,
ε0 is the vacuum permittivity, and r is the radius of the nanocrystal.

The second force is dielectrophoresis, which originates from the
non-uniform electrical field generated by the surface charge patterns. This
field induces a dipole in the nanocrystals by distorting the surrounding
electrical double layer. The interaction of this dipole with the non-uniform
electrical field results in dielectrophoretic forces, given by:

FDEP = pef · ∇E (1.7)

where pef is the field induced dipole. For spherical nanocrystals the dielec-
trophoretic force can be expressed as:

FDEP = 2πr3ε0εrRe[K] · ∇E2 (1.8)

where Re[K] is the real part of the Clausius–Mossotti factor K:

K =
εNC

∗ − εr
εNC

∗ + 2εr∗
(1.9)

where εNC
∗ and εr

∗are the complex permittivities of the nanocrystals and the
solvent, respectively.

The above equations show that if the nanocrystals are more polarisable than
the solvent they are dispersed in, they will always be attracted to regions of
high electric field gradient, irrespective of the sign of their surface charge.
Conversely, if the nanocrystals have a lower polarisability than the solvent
then they will be repelled from regions of the high electric field gradient.
Thus, metallic and most semiconducting nanocrystals are attracted by dielec-
trophoretic forces to the edges of charge patterns where the changes in the
electrical field strength are greatest.[209]

Generally, the electrophoretic force is longer ranged and stronger than the
dielectrophoretic force for highly charged nanocrystals. However, weakly
charged nanocrystals may experience stronger dielectrophoretic forces and be
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FIGURE 1.17: Schematic image to illustrate three aspects affecting the
motion of nanocrystals during patterned-template, electrophoretic deposition.
Electrophoresis is driven by the electric field generated externally between two
electrodes. An induced dipole on a particle can control orientation and induce
asymmetric nanocrystal assembly. Dielectrophoresis (DEP) is driven by the
interaction of an induced or permanent dipole in a nanocrystal with an electric
field gradient. DEP directs the particle towards regions of higher electric field

strength.[203]
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attracted to surface charges of either polarity. This was shown by Palleau,
Sangeetha and Ressier for the case of 14 nm gold nanocrystals (Figure 1.10b) in
ethanol (strong electrophoretic forces) and 10 nm silver nanocrystals in hexane
(stronger dielectrophoretic forces), where in both case the electrostatic force
was more than sufficient to overcome drag forces, van der Waals forces, and
forces associated with Brownian motion.[154] Figure 1.17 shows the simulated
electric field distribution between a cavity electrode at the bottom and a
flat counter electrode at the top. It also illustrates the different behaviours
of nanocrystals in such electric field systems. For distances relatively far
from the cavity electrodes, the potential distribution is parallel to the plate
electrodes.[210] Hence, particles experience an electric force normal to the tar-
get electrode and their migration can be determined from the electrophoretic
mobility, given by Smoluchowski’s equation (Equation 1.3). Once the particle
migrates closer, the electric field distribution starts to be distorted, due to the
cavity geometry. The highest electric field is located at the cavity electrode
and decreases with distance in a complex radial fashion. The decay length is
determined by the double layer thickness (Equation 1.4). Such electric field
gradients lead to translational migration of the particle. At small separations
from the cavity, DEP may become an important factor for precise position-
ing into the cavity. For non-spherical particles, another important factor
is the induced torque which may determine the orientation of the particle.
The torque on an elongated prolate ellipsoidal particle can be described as
follows:[211, 212]

~T = ~p× ~E =
(
α0 · ~E

)
× ~E = −∆α0 cos θ sin θE2 (1.10)

αaxis = ε0V

(
εparticle − εmedium

εmedium + Laxis(εparticle − εmedium)

)
(1.11)

Llong =
1− e2

2e3

[
ln

(
1 + e

1− e

)
− 2e

]
and Lshort =

1− Llong

2
(1.12)

Here, ~T is the torque applied to the particle, ~p is the induced dipole moment, α0

is the polarisability tensor of the particle, ∆α0 = αlong − αshort is the difference
between the longitudinal and transverse polarisabilities, εparticle and εmedium
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are the relative permittivities of the particle and medium respectively, V is the
volume of the particle, Laxis is the depolarisation factor along the long or short
axis, and e =

√
1− (b2)/(a2) is the eccentricity of the particle (a = length and

b = width).

This torque generated by the external electric field can be used to orient
elongated nanocrystals during EPD. Apart from these three forces discussed
above, there are other factors that also play a role in direct EPD assembly,
such as electroosmosis and electrohydrodynamic flow which also affect the
fluid motion around the particles and near the electrode interface, and both
translational and rotational Brownian motion are critical contributors to the
net particle motion during EPD assembly. However, these have not been
quantified for single nanocrystal deposition to date.

1.4.3 Electrophoretic Deposition in Non-polar Solvents

In the early stage, most approaches of EPD assembly for nanomaterials are
normally carried in a polar solvent such as water, acetone, and alcohols. The
polarity nature of those solvents assists the evolution of electric field across
the EPD setup as well as the charges on nanomaterials. However, non-polar
solvent also holds great potentials in EPD assembly for its electrochemical
stability and EPD possibility for more nanomaterial synthesised in non-polar
solvents, such as cadmium selenide nanocrystals,[213] iron oxide,[214] carbon
based nanomaterials[215] and other rare earth nanocomposite.[216]

Key factor for EPD of nanomaterials in non-polar solvent is to control the
charging of nanomaterials as well as their electrophoretic mobility. In non-
polar solvent, charges of nanomaterials can be caused from absorption of
charged ligands and the absorption of organic electrolyte in solution. When an
electric field is applied to the non-polar solvent, the velocity of those charged
nanomaterials can be described by linking Coulomb force and viscous friction.
Therefore, the mobility of nanomaterials in non-polar solvent can be described
as follow:[217]

µ =
v

E
=

Ze

3πηa
(1.13)
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where Ze is the effective charge on the nanomaterial, η is the viscosity of the
non-polar solvent and a is the hydrodynamic diameter of the nanomaterial.
With the known mobility of nanomaterials in non-polar solvent, we can also
predict and control the EPD process as we discussed in the last section.

Compared the EPD in polar solvent, the EPD of nanomaterials in non-polar
solvent has no obvious difference in terms of the fundamental principle and
governing theories. However, there are a few details need to take special
consideration when dealing with non-polar solvent, such as the dielectric
propriety of the non-polar solvent, electrochemical stability of the solvent,
charge and solubility of the electrolyte, compatible EPD cell system, etc.. In
this thesis, we are mainly focused on the EPD process in aqueous system.

1.4.4 The development of EPD for Nanomaterials

FIGURE 1.18: Examples of EPD assembly of nanomaterials. (a) Assembly of
gold nanocrystals in close-packed monolayer. (Adapted with permission.[218]
Copyright 1993, American Chemical Society) (b) EPD deposition of CdSe
centimetre scale thin film. (Adapted with permission.[219] Copyright 2010,
American Chemical Society) And (c) EPD deposition of graphene oxide thin film.

(Adapted with permission.[215] Copyright 2010, American Chemical Society)

The start of direct EPD assembly for nanocrystals dates back to the early
1990s. Giersig et al. reported the formation of hexagonal close packed gold
nanocrystal monolayers by EPD.[218, 220] A graphite electrode and Al-foil
counter electrode were used and an applied potential of 50 mV across a 2
mm spacing was used to deposit tri-sodium citrate stabilised colloidal gold
nanocrystals. This work demonstrated that controlled deposition of nanoscale
particles by EPD method was possible and that dense monolayers with well-
defined particle spacings could be achieved, Thereafter, there has been a
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considerable investigation of the possibilities of EPD for both micron sized
particles as well as nanocrystals.[221, 222]

Most of the early stage works resulted in closely packed particle patterns
on the substrates. With the development of nanofabrication, in 2009, Barbee
et al. demonstrated direct EPD based assembly of latex (PSL) nanocrystals at
the single particle level.[223] Single PSL particles can be precisely controlled
and deposited into the photolithography patterned substrate. In their report,
a template with sub-micrometre size cavities was patterned by photolithog-
raphy and carefully assembled into a cell for EPD assembly. Hundreds of
millions of PSL microbeads were precisely deposited into cavities with the help
of a DC electric field in less than a minute. More than 99% of cavities were filled
with single particles. Their experiments demonstrated the potential of direct
EPD for single particle assembly. Following their work, in 2011, S. Siavoshi
and A. Busnaina et al. investigated the effect of the cavity size for directly
EPD assembly.[224] Unlike earlier work, they used polystyrene particles with
sizes of 200 nm and 50 nm as assembly targets. A dual-cavity template was
fabricated by EBL with two sets of cavities with dimensions close to those of
the PSL particles. Assembly was performed by applying a DC electric field.
The larger particles were firstly deposited followed by the smaller particles.
With careful control of the applied potential and the deposition time, the
two different size particles could be sorted and deposited into different sized
cavities, on the same template. They also reported that multiple small particles
could be deposited into one large cavity.

Ryan et al. have reported the assembly of vertically aligned 20 nm CdS
nanorods by EPD.[225] They used the property that elongated particles experi-
ence a torque derived from the induced dipole in an external electric field. This
phenomenon orients the particles along the direction of the applied electric
field. Up to 9 layers (≈400 nm) of closely packed, vertical nanorod arrays
were deposited over 3 minutes. Following this literature, many excellent
works were also been reported based on the closely packed, vertically oriented
nanorod arrays from their group.[228, 229] They reported the assembly of
vertically ordered CdSeS nanorod superstructure for microcavity lasers[230]
and EPD of SnS nanocubes for lithium-ion battery.[231] Solomon has discussed
the interplay of the parameters that determine the quality of EPD assembly
of nanomaterials.[226, 232] They used ellipsoidal polystyrene particles in a
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FIGURE 1.19: Summary of current development of single nanocrystal EPD. (a)
Assembly of micron-sized polystyrene latex (PSL) particle arrays with nearly
100% assembly yield. (Adapted with permission.[223] Copyright 2009, The
Royal Society of Chemistry) (b) Template controlled size-selective assembly of
different sizes of PSL nanocrystals. (Adapted with permission.[224] Copyright
2011, American Chemical Society) (c) Electric field-controlled assembly with
specific orientation of asymmetric nanocrystals. The induced dipole results
in a vertical orientation. (Reproduced with permission.[225] Copyright 2012,
American Chemical Society) (d) Optimisation of the electrophoretic forces and
rotational diffusion due to Brownian motion results in an oriented close packing
on the surface of the electrode. (Adapted with permission.[226] Copyright 2012,
Wiley-VCH) (d) Electric field-controlled deposition process for PSL particles.
(Reproduced with permission.[227] Copyright 2015, American Chemical Society)
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study of EPD onto a plate electrode. Their results revealed that there is a
critical electric field range in which the ellipsoids are packed regularly onto the
surface of the electrode. Above or below this electric field range, the ellipsoids
packed more randomly. They proposed that deposition is strongly determined
by the colloid Peclét number. This accounts for the competing forces due
to electrophoresis, which tends to align particles with the applied field and
Brownian motion which tends to randomise the particles. The competition
and balance between electric field generated movement and Brownian motion
can lead to different positioning and can be controlled by the colloid properties
and electric fields. A further controllability and quality study of direct EPD
assembly for single particles was performed by F. Qian and T. Y. Olson in
2014.[227] They carefully studied the effects of the electric field and template
size during EPD assembly. Following optimisation, they were able to fabricate
multi-particle unit arrays.

1.4.5 Challenges in EPD for Single Nanocrystal Assembly

The investigation of EPD assembly has been underway for a decade. It has
evolved from thin film deposition to the preparation of close packed particle
assemblies and the controlled assembly of single micro sized particle arrays.
It is of a clear trending pattern that the development of EPD assembly is
aiming for (1) smaller particle in nanoscale, (2) better single particle level
control, (3) adaptation for various nanomaterial and ultimately (4) applications
of nanomaterials as solid state device.

Challenge 1: To adapt the EPD method for single nanoscale crystals.

With previous reports, it has been proved that various nanomaterials, such
as gold nanocrystals, cadmium selenide nanocrystals and carbon nanotubes,
can be deposited via EPD. However, there are barely any reports regarding
EPD assembly of those nanomaterials at the single particle level. For nanoscale
materials, Brownian motion competes effectively against electrophoresis. Fur-
thermore, smaller particles also carry a smaller net charge, which decreases the
force applied to the nanocrystals during EPD.

Challenge 2: To control the EPD process at the single nanocrystal level.
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FIGURE 1.20: Challenges in EPD assembly for single nanocrystal arrays.

Following the first challenge, the controllability of EPD for nanomaterials
at the single particle level will also be more difficult. Besides controlling
the applied potential and electric field, the surface chemistry and surface
charge/potential, solvent conductivity and electrolyte will also affect the EPD
process. In addition, it would be useful if one could control the orientation of
nanocrystals during deposition.

Challenge 3: To extend EPD assembly to a broad range of nanocrystals..

EPD is attractive as a possible method because the only requirements are
that the target particles carry a charge and are colloidally stable in solution. In
practice well defined shape and size are also necessary.

Challenge 4: To demonstrate the utility of single nanocrystal arrays.

The ultimate goal of EPD assembly for single nanocrystal arrays is to transfer
the properties of colloidal nanocrystals to solid state devices.
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1.5 Open Questions

One of the biggest challenges in current nanoscience is to transfer col-
loidal synthesised nanocrystals into a solid state device while preserving the
nanocrystal properties. The goal of this thesis is to develop a direct assembly
method for single nanocrystals. Hence, we propose to answer the following
questions:

1. Can we assemble nanocrystals via EPD assembly onto the pre-patterned
templates at the single particle level? This is the fundamental goal of the thesis
and we term this form of EPD "Surface-Templated-EPD" or "STEPD".

2. What factors determine the fidelity of STEPD? i.e. can we optimise the
process to enable it to be robust and reproducible?

3. Can STEPD be applied to a range of sizes and shapes of different
nanocrystals?

4. What new applications can be delivered by using STEPD?

To answer these questions, the first task is to prepare the template and
construct a cell for carrying out the process. In chapter 2, we will introduce the
experimental details of our method. We use PMMA coated ITO-glass as the
substrate and the desired pattern is fabricated by electron beam lithography
on PMMA. The STEPD cell is specially designed and constructed with the
ability to observe nanocrystals deposition process in real time under the optical
microscope. In addition, we briefly introduce the instrument and equipment
that we use or design for the characterisation of assembled single nanocrystal
arrays.

In chapter 3, the first question we proposed will be answered by presenting
the direct results of assembly of single gold nanocrystal arrays. We use gold
nanocrystals as the starting point for assembly because (1) gold nanocrystals
are easy to synthesis with control size and shape. (2) Gold nanocrystals are
easy to control their surface chemistry for tuning the surface potential and
charges for STEPD process. And (3) gold nanocrystals can be observed by
dark-field microscope (DFM) for their plasmonic proprieties. We can directly
observe the STEPD process in situ with gold nanocrystals. The final assembly



46 Chapter 1. Introduction

results show great control of the process for assembling single gold nanocrystal
arrays. The deposition process can be controlled by adjusting the STEPD
parameters and the orientation of gold nanorods assembly can be controlled
by the template designing. We also explored the possibilities of our method
for complex patterns and large scale assembly.

In chapter 4, we explore the basic physics and chemistry of the STEPD
process, particularly with regard to the orientation control of gold nanorod
assembly. We investigate the landing attitude of gold nanorods and find out
that there is vertical orientation when gold nanorods deposit on templates.
Following this discovery, we improve the assembly process in order to achieve
vertically oriented single gold nanorod arrays. With further experimental
study and numerical simulation, we find that the reason for the vertical
orientation during landing of gold nanorods is due to the torque that is
generated on the gold rods by the applied field. We also assemble the vertical
gold nanorod arrays at large scale and show that this structure serves as a
diffraction grating.

In chapter 5, we intend to extend assembly to other systems. We successfully
assemble single particle arrays with (1) different sizes and shapes of gold
nanocrystals, (2) CdSe quantum dots (3) magnetic nanocrystals (Fe3O4) and
(4) organic molecules (9,10-bis(phenylethynyl) anthracene (BPEA) ). We also
discuss the minimum nanocrystal size that can be assembled via STEPD.

Finally, in chapter 6, we explore some potential applications for single
nanocrystal arrays. Firstly, we study hydrogen uptake on Au-Pd core-shell
nanorods. It provides opportunities for such device to serve as hydrogen gas
sensor. Secondly, in collaboration with Dr. Tokuhisa Kawawaki, we study the
behaviour of charge induced single gold nanorod scattering peak shifting. We
use a patterned ITO template to achieve electrically addressable single gold
nanorod arrays. Finally, in collaboration with Dr. Yannic Brasse, we study a
metasurface constructed from polyaniline coated gold nanospheres.
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Chapter 2

Experimental Methods

In this chapter, we introduce the key experimental methods used in STEPD.
This consists of the following: nanocrystal synthesis and modification, STEPD
cell design, STEPD template fabrication, STEPD cell assembly, deposition and
post-process, and characterisation. In this chapter, the commonly used steps,
STEPD cell design, template fabrication, and STEPD cell assembly procedure,
will be described in detail as well as a brief introduction to the instrumentation
that is used for assembly and characterisation.
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2.1 Electrophoretic Deposition Cells and Template

Assembly

2.1.1 Electron Beam Lithography for ITO-PMMA Templates

In order to build an effective STEPD assembly system, the most basic re-
quirement is to have conductive substrates to serve as working and counter
electrodes. In our experiments, we use polished ITO-glass slide (Delta Tech-
nologies, CG-51IN-S115, Zhuhai Kaivo Optoelectronic Technology, ITO-P008-2
and Lumtec Technologies Corp LT-G001ITO Glass 15 Ω) as the substrates for
two reasons: (1) The ITO coating allows us to have a transparent substrate
with adequate electrical conductivity. The transparency of the substrate is
very important for direct observation and optical characterisation by optical
microscope during and after assembly. (2) The glass substrate is easily cut into
pieces that fit inside the STEPD cell.

For the experiments, the ITO-glass slide was thoroughly cleaned by con-
secutive sonication in ethanol, IPA (isopropanol) and water. Then a 50 nm
or 100 nm PMMA blocking polymer layer was prepared by spin coating
PMMA A2 (MicroChem) at 2000 rpm or 1000 rpm onto the ITO-glass slide
respectively. The slide was further baked at 180 ◦C for 5 mins. A 30 nm thick
chromium layer was then sputtered on the PMMA-ITO slide using a Sputter
Coater (Cr Quorumand) or thermal evaporator (Intlvac Nanochrome II). The
Cr coated PMMA-ITO slide was then stored in a dust-free environment for
further use. To pattern the ITO-PMMA template, the slides were exposed to
an electron-beam (Vistec EBPG 5000plus ES) with a custom pattern created
using modelling software (Klayout) using 1nA current, 300 µm aperture, 100
kV accelerating voltage. After exposure, the chromium layer was removed by
immersion for 1 min in a Cr etching solution (ceric ammonium nitrate 10.9%,
perchloric acid 4.25%, water 84.85%), followed by 5 sec in 5% H2SO4 and then
water rinse. The pattern was then developed with 3:1 methyl-isobutyl-ketone
(MIBK) : IPA for 1 min. Finally, the slide was rinsed with IPA three more times,
followed by a further water rinse and blown dry with nitrogen gas. Figure 2.1
show examples of Atomic Force Microscopy (AFM) characterised box and rod
cavities fabricated through EBL.
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FIGURE 2.1: (a) Schematic representation of PMMA-ITO-Glass substrate.
(b)Atomic Force Microscopy (AFM) images of box-like (top row) and rod-like
(bottom row) cavities. (Right) Cross-sectional images showing the cavity depth

and profile.
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2.1.2 STEPD Cell Design

In order to assemble the patterned template and counter electrode together,
we designed a 3D printable polymer cell. This cell was also suitable for
real-time observation of the STEPD process under the dark-field microscope
(DFM) which will be described in chapter 2.2.1. The design of the STEPD
cell is shown in figure 2.2. It was designed with the 3D modelling software
SketchUp. The cell was constructed with three components, two covers at top
and bottom and one middle part with grooves to fit electrodes and chambers
for nanocrystals solution. There was an optical window on the both of top
and bottom cover, which enabled real-time observation of EPD process under
a dark-field microscope during the experiment. A fixed chamber with a size of
5 mm (L) × 5 mm (W) × 2 mm (H) was placed in the middle part. Two flow
channels connected to the chamber for gold colloid injection.

FIGURE 2.2: The design details of STEPD cell.

2.1.3 EPD Cell Assembly

The three components (Top cover, bottom cover and middle part) of the
STEPD cell were then fabricated by 3D printing (TEVO Black widow) using
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FIGURE 2.3: Digital images of 3D printed STEPD cell before (a) and after (b)
assembly

polylactic acid (PLA), at a printing temperature of 220 ◦C. The printing layer
thickness was 0.2 mm. The top and bottom cover of the cell were printed in
solid with 1 mm thickness for better sealing. The rest of the cell was printed by
a zigzag structure with a 30% filling rate to construct the body. The patterned
template and counter electrode were connected by two copper wires with
copper tape separately. To avoid fluid leakage, the cell was sealed by putting
Teflon tape between the cell and slides. The cell was finally tightened with
four screws at corners (Figure 2.3). The nanocrystals solution (approximately
0.3 mL) was injected into the cell from the side channel through in the middle
part. The injection process needed to be slow and gentle to prevent air bubbles
from forming and to avoid leaking of the colloid. For the STEPD process,
the template and counter electrode were both connected to a potentiostat
(Metrohm AutoLab) or Source Meter (Keithley 2400). A constant DC potential
was applied for a fixed time period. Note that, the EPD parameters, such
as electrolyte concentration, EPD duration time and applied voltage need
to be carefully optimized to minimize the unexpected electrolysis of water,
electrolysis of nanocrystals and electrochemical reaction on ITO surface. After
deposition, the template was washed by gently flushing water over the surface
and then blow drying with nitrogen gas.
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2.2 Characterisation and Instrumentation

2.2.1 Optical Properties of Metal nanocrystals

To characterise the STEPD-assembled single nanocrystal arrays, and to
obtain a better understanding of their optical results, here we briefly introduce
the optical properties of metal nanocrystals. Size-dependent optical response
is one of the most important and signature properties of metal nanocrystals.
The interaction of a metal nanocrystal with light is decided by the free electrons
in the metal nanocrystal.[1] The collective oscillation frequency of the free
electrons determines the wavelength that the nanocrystal extinct (absorption
and scattering). When a metal nanocrystal is illuminated by an incidental light,
the oscillation of electromagnetic waves of the incidental light can drive the
oscillation of free electrons on the metal nanocrystal to form a resonance. This
phenomenon is called Localised Surface Plasmon Resonance (LSPR).[2, 3] The
Drude model[4] explains the transport properties of electrons in the material
and provides the basic understanding of electron behaviour of LSPR (repre-
sented by the schematic in figure 2.4). The result of LSPR on metal nanocrystals

FIGURE 2.4: Schematic representation of Localised Surface Plasmon Resonance.
The oscillation of electron cloud in metallic particles.

is a strong extinction of light in both absorption and scattering. Under the
influence of LSPR, these particles extinguish at a particular wavelength of
light, which leads to the particles exhibiting a corresponding colour. In 1908,
Gustav Mie proposed a theory to explain the colours observed from different
gold nanocrystals.[5] Mie calculated the extinction and scattering efficiencies
of different-sized spherical metal nanocrystals using the bulk optical constants
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of the metal (i.e. the frequency-dependent dielectric function, ε = ε1 + iε2), as
follows:[3]

A = log10
I

I0
=
NCext

2.303
(2.1)

whereA is the absorbance of a gold particle solution to the incident light I . I0 is
the intensity of the transmitted light,N is the number density of metal particles
and Cext is the extinction cross-section, which is the sum of Cabs (absorption
cross-section) and Csca (scattering cross-section). For particles in a medium of
dielectric function εm, Cabs and Csca are described as:

Cext =
2π

k2

∞∑
n=1

(2n+ 1)Re (an + bn) (2.2)

Csca =
2π

k2

∞∑
n=1

(2n+ 1)
(
|an|2 + |bn|2

)
(2.3)

where k = 2π(
√
εm / λ), an, and bn are Mie scattering coefficients. They are

functions of particle radius R and the incident light wavelength in vacuum λ.
For small metal nanocrystals (kR � 1), only the first electric dipole term in
equation 2.2 is significant. Therefore, the metal nanocrystal extinction cross-
section, Cext, can be reduced to:

Cext =
24π2R3εm

3/2

λ

ε2
(ε1 + 2εm)2 + ε22

(2.4)

These four equations above generally describe the extinction of the metal
spherical particle which is related to the dielectric function of the medium and
size of the particle.

Mie’s theory only applies to spherical particles. For anisotropic particles,
for example metal nanorods, the perceived colour changes significantly with
changing aspect ratio (the length divided by the width). Richard Gans[6]
studied the shape-dependent LSPR based on Mie’s theory. By modifying
the morphology term in Mie’s theory, Gans proposed the theory for rod-like
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nanocrystals as follows:

Cext =
2πR3εm

3/2

3λ

∑
j

(
1

Lj
2

)
ε2(

ε1 +
[
1−Lj
Lj

]
εm

)2
+ ε22

(2.5)

Here Lj is the geometry factor, and j = A, B or C, the length of the rod along
the three respective axis. For a rod-like particle , A > B = C. Then:

LA =
1− e2

e2

[
1

2e
ln(

1 + e

1− e
)− 1

]
(2.6)

and

LB = LC =
1− PA

2
(2.7)

where

e =

√
1− (

B

A
)2 (2.8)

In this case, the plasmon band of rod-like particles will split into two extinction
bands: Cext(LA) and Cext(LB,C).

As an example, the plasmon band of gold nanorods has been well stud-
ied both experimentally[7] and theoretically.[8] It has been observed that the
plasmon band of gold nanorods slowly splits into two extinction bands as the
particle grows longer (higher aspect ratio). The first plasmon band, normally
from 520 nm to 540 nm, is due to electron oscillations along the short axis
of the gold nanorods. It is also known as the transverse mode. This mode
is relatively stable with changing aspect ratios. The second plasmon band of
gold nanorods, normally called the longitudinal mode, is caused by electron
oscillations along the major axis. The frequency of this oscillation is highly sen-
sitive to the aspect ratio: The higher the aspect ratio, the lower the oscillating
frequency, which leads to a red shift of the extinction band (Figure 2.5).
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FIGURE 2.5: Absorption spectrum of gold nanocrystals with various sizes and
shapes.

The LSPR modes of metal nanocrystals are also very sensitive to electron
charging on the nanocrystal. Normally, electron injection into the metal
nanocrystal leads to an increase in electron density which can result in a
blue-shift in the extinction spectrum, and the electron retraction leads to a
spectrum red-shift.[9] The electron charging induced plasmon peak shift in
gold nanorods has been well studied.[10] The relation between the LSPR peak
shift and electron density can be described as follows:

λp =
2πc

ωp

=

√
4π2c2mε0
Ne2

(2.9)

∆λ = −∆N

2N
λp

√
ε∞ + (

1− L
L

)εm (2.10)

λ = λp

√
ε∞ + (

1− L
L

)εm (2.11)

where, λp is the bulk plasma wavelength of gold which is reported to be 131
nm. N is the electron density in the uncharged gold, m is the effective mass of
electrons, ε∞ is the high frequency contribution to the metal dielectric function,
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εm is the dielectric constant of the medium, ε0 is the vacuum permittivity, L is
the particle shape factor, and ∆N is the change of electron density in the gold
nanorod. Equations 2.9 and 2.10 predict the changes in LSPR peak with respect
to electron density changes.[10, 11]

2.2.2 Dark-Field Spectroscopy

Dark-field microscopy (DFM) is a microscopy method based on the scatter-
ing of light to visualise a sample. It is especially useful for metal nanocrystals.
The scattering intensity of a single particle is normally much, much weaker
than the intensity of the incident light source. By changing the incoming angle
of the light source, dark-field microscopy avoids the influence of incident light
on the background and collects only the scattered light from the sample. This
technique allows “sub-diffraction-limited” imaging of specimens that cannot
be observed by normal bright field methods. A dark-field microscope is able
to detect nanoparticles as small as 20 nm and the scattered light spectrum of
a single nanoparticle can be measured.[12] A schematic representation of the
dark-field microscope set-up as well as typical dark-field microscope image
measured for different gold nanocrystals are shown in figure 2.6. The incident

FIGURE 2.6: (a)Schematic representation of the dark-field microscope set-up. (b)
Typical dark-field image acquired from three different type of gold nanocrystals.
Green dots represent the scattering signal of gold nanospheres with diameter of 20
nm. Yellow dots represent the scattering signal of gold nanospheres with diameter
of 70 nm. Red dots represent the scattering signal of gold nanorod with length of

100 nm and width of 25 nm.

light from the light source is partially blocked by a light-stop on the top
of the dark-field condenser. The rest of the incident light is reflected by
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the convex mirror and further reflected by the concave mirror. By tuning
these two mirrors, the incident light is then focused at a particular angle (29
degrees relative to the substrate) onto one point (where the sample is normally
placed). Finally, due to the smaller collection angle of the objective, only
light scattered by the sample is collected. The scattered light is collected by a
charge-coupled device (CCD) and a spectrometer for single particle scattering
spectrum analysis or can be directed to the eyepiece for observation by eye.

FIGURE 2.7: Schematic representation of a reflective dark-field microscope.

The scattering light spectra of single gold nanocrystals were collected with
a Nikon Lv100 Eclipse inverted microscope, equipped with a dark-field con-
denser and three lenses (Nikon LU Plan Fluor 20x/0.45, Nikon LU Plan ELWD
50x/0.55, and Nikon LU Plan Fluor 100xA/0.9) in the reflection configuration.
The light source of the microscope comes from a 12 V 100 W quartz halogen
lamp. The scattered light was captured by an Acton Micro-Spec 2150i imaging
microscopy spectrograph fitted with a PIXIS 1024F CCD for spectrum char-
acterisation. Another complementary metal-oxide-semiconductor (CMOS)
camera (ThorLabs) was attached to the microscope to capture the dark-field
images. A polariser was placed in the pathway of the reflected light for
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polarisation-dependence measurements. A simplified schematic image of the
dark-field microscope is illustrated in figure 2.7.

2.2.3 Wide-Field Spectroscopy

Wide-field microscopy (WFM) is one of the most fundamental techniques
for sample imaging. In this thesis, we use WFM equipped with a laser
excitation source and filter sets to image luminescent nanocrystals, such as
CdSe quantum dots and organic nanoparticles. The addition of laser source
and filters means that WFM becomes a fluorescence microscopy technique
which can image fluorescent material over a relatively large area.[13] Those
fluorescent materials, semiconductor quantum dots for example, have a well-
defined band-gap energy between the valence band and conduction band.[14]
When incident light with energy equal or greater than this band-gap, it can

FIGURE 2.8: Schematic representation of electron jump between valence band and
conduction band.

lead to an excitation of electrons jumping from valence band to conduction
band and cause absorption of the incident light. After that, those excited
electrons will stay or cooling to the lowest conduction band, then further relax
to the valence band. During this relaxation process, photons with the same
energy as the materials band-gap will be emitted (Figure 2.8). The relation
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between the band-gap energy Ebg and the wavelength of the emitted photon λ
is given by:

Ebg = Ep =
hc

λ
(2.12)

where h is Planck’s constant and c is the speed of light. Using WFM, we can
map and characterise the emission of the nanocrystals at the single particle
level.

FIGURE 2.9: Schematic representation of the wide-field microscope set-up.

Wide-field emission images and PL spectra of fluorescent nanocrystals were
collected with a Nikon Lv100 Eclipse inverted microscope, equipped with a
dark-field condenser and three lenses (Nikon LU Plan Fluor 20x/0.45, Nikon
LU Plan ELWD 50x/0.55, and Nikon LU Plan Fluor 100xA/0.9) in the reflection
configuration as we described in section 2.2.1 under bright field mode. The
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light sources for WFM were two lasers (Green laser 545 nm and Blue laser 375
nm). Two different dichroic mirrors (ThorLabs) were used, to block excitation
loght from the detectors. Along the outgoing light path, a set of long-pass fil-
ters with different passing wavelengths (ThorLabs, passing wavelength from
405 nm to 600 nm) were placed for filtering reflected excitation wavelengths
and to reduce optical noise. The selection of long-pass filters is based on the
expected emission of the assembled nanocrystals. Finally, the emitted light
was captured by an Acton Micro-Spec 2150i imaging microscopy spectrograph
fitted with a PIXIS 1024F CCD for spectrum characterisation. Another CMOS
camera (ThorLabs) was attached to the microscope to capture the wide-field
images. A simplified schematic image of the wide-field microscope set-up is
illustrated in figure 2.9. Note that, it is dangerous to directly observe the wide-
field image through the eyepiece. It is better to use CMOS camera for the
observation and imaging.

2.2.4 Absorption and Photoluminescence Measurement

Absorption spectra of colloidal nanocrystals were collected with an Agilent
8453 UV-visible spectrophotometer. Two types of quartz cuvettes were used.
1 cm × 1 cm quartz cuvettes were used for large volume colloidal solution
measurements and a 0.2 cm × 1 cm quartz cuvette was used for smaller
volumes. Fluorescence emission and excitation spectra were collected with
a Horiba Jobin Yvon Fluorolog-3 spectrometer. The solution was contained in
a 4 way, 1 cm × 1 cm quartz cuvette.

2.2.5 Scanning and Transmission Electron Microscopy

Surface characterisation of the assemblies was carried out using Scanning
Electron Microscopy (SEM). Note that the PMMA cover layer on the templates
can experience damage due to decomposition under the electron beam. It
can be minimised by lowering the electron beam energy and exposure time.
All SEM images in this thesis were collected on an FEI Nova 200 Nanolab
microscope. The electron beam acceleration voltage was set between 5-20
kV and the operating current was adjusted accordingly for optimal imaging
quality and least PMMA damage. Samples were prepared on disk sample
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holder using conductive carbon tape. The resulting images were analysed with
the software package Image-J.

Transmission electron microscopy (TEM): All TEM images in this thesis were
collected by an FEI Tecnai F20 TEM under 200 kV accelerating voltage. The
sample was prepared by dropping 5-10 µL nanocrystal colloid (one drop) onto
a 300 mesh copper grid (Electron Microscopy Science) and dried overnight.
The resulting images were analysed by the software package Gatan GMS.

2.2.6 Atomic Force Microscopy

AFM images and force measurements were carried out on an MFP-3D AFM
(Asylum Research) equipped with silicon cantilevers (AC240TS-R3, Asylum
Research). It was used to image the array in either contact or tapping mode.

2.2.7 Zeta Potential Analysis

Zeta potential measurements yield the ensemble electrophoretic mobility,
surface charge density and shear plane or zeta potential of the
nanocrystals.[15] The measurement involves applying an alternating electric
field across the sample and recording the nanocrystal movement at the same
time. The nanocrystal velocity is determined from the Doppler shift in the
laser beam via the induced phase changes. In addition, based on the
equations 1.3 and 1.4, with given solvent, temperature, pH, electrolyte type
and concentration, the zeta potential of colloidal nanocrystals can be
calculated. All zeta potentials were determined using a Brookhaven Zeta
PALS instrument. 1.7 mL of colloidal nanocrystals in a solvent and
well-defined NaCl concentration were added in a 1 cm × 1 cm single-use
polystyrene cuvette for the measurements.

2.2.8 Numerical Modelling

In order to understand and theoretically support some of our results in this
thesis, numerical modelling was also used to simulate some of the physical
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processes in our experiments such as the nanocrystal absorption and scattering
spectrum, electrophoresis and deposition, nanocrystal migration and orienta-
tion etc. This modelling was carried using COMSOL Multiphysics (5.1 - 5.5)
and Dissipative Particle Dynamics (DPD) simulations.

The general steps for Finite Element Modelling (FEM) in COMSOL Mul-
tiphysics are: (1) select the dimension of the simulation; (2) select the main
physics that govern the physical process; (3) build up the model and global
parameters; (4) define the boundary conditions; (5) run the simulation; (6)
debug and vary the input parameters depending on the results. More precise
details of the COMSOL simulations will be described in the relevant chapters.
In this thesis, most of the COMSOL simulations were carried by the author
with initial training from Dr. Cameron Ritchie. The PCs used for COMSOL
simulations were (A) Dell Alienware 15 R3 with (1) Intel® Core™ i7-7700HQ
(Quad-Core, 6MB Cache, up to 3.8GHz w/ Turbo Boost) processor, (2) 32GB
DDR4 at 2400MHz (2x16GB) Memory, (3) NVIDIA® GeForce® GTX 1070
with 8GB GDDR5 video card, under (4) Windows 10 Home 64bit operating
system. And (B) Dell Precision 3630 Desktop with (1) Intel® Xeon™ E-2224G,(4
Core, 8MB Cache, 3.5Ghz, 4.7Ghz Turbo w/UHD Graphics 630) processor, (2)
32GB (2x16GB DDR4 2666MHz UDIMM ECC) Memory, (3) Nvidia® Quadro®
RTX4000, 8GB, 3DP, VirtualLink (3630T) video card, under (4) Windows 10 Pro
for Workstations 64bit operating system.

DPD simulation is a stochastic method for studying particle dynamics and
solution rheological properties. It is a method derived from molecular dy-
namics simulations.[16] The DPD uses a "particle" to represent a molecule
or molecules to simplify the simulation process. By giving the interacting
conditions between each type of "particle" and the boundary conditions of the
simulation system, the DPD method can simulate the dynamics and kinetics
of the system in order to reproduce or predict their behaviours. All of the DPD
simulations were carried out by Dr. Yawei Liu and Dr. Asaph Widmer-Cooper
from the University of Sydney. The DPD simulation details will be described
in chapter 4 and the appendix.



REFERENCES 89

References

[1] L. Novotny and B. Hecht, Principles of Nano-Optics. Cambridge:
Cambridge University Press, 2006.

[2] P. Pattnaik, “Surface plasmon resonance,” Applied Bochemistry and
Biotechnology, vol. 126, no. 2, pp. 79–92, 2005.

[3] P. Mulvaney, “Surface plasmon spectroscopy of nanosized metal
particles,” Langmuir, vol. 12, no. 3, pp. 788–800, 1996.

[4] P. Drude, “Zur elektronentheorie der metalle,” Annalen der Physik,
vol. 306, no. 3, pp. 566–613, 1900.

[5] G. Mie, “Beiträge zur optik trüber medien, speziell kolloidaler metallö-
sungen,” Annalen der Physik, vol. 330, no. 3, pp. 377–445, 1908.

[6] R. Gans, “Fortpflanzung des lichts durch ein inhomogenes medium,”
Annalen der Physik, vol. 352, no. 14, pp. 709–736, 1915.

[7] Y.-Y. Yu, S.-S. Chang, C.-L. Lee, and C. C. Wang, “Gold nanorods:
Electrochemical synthesis and optical properties,” The Journal of Physical
Chemistry B, vol. 101, no. 34, pp. 6661–6664, 1997.

[8] S. Eustis and M. A. El-Sayed, “Why gold nanoparticles are more precious
than pretty gold: Noble metal surface plasmon resonance and its
enhancement of the radiative and nonradiative properties of nanocrystals
of different shapes,” Chemical Society Reviews, vol. 35, no. 3, pp. 209–217,
2006.

[9] A. Henglein, P. Mulvaney, and T. Linnert, “Chemistry of ag aggregates
in aqueous solution: Non-metallic oligomeric clusters and metallic
particles,” Faraday Discussions, vol. 92, no. 0, pp. 31–44, 1991.

[10] P. Mulvaney, J. Pérez-Juste, M. Giersig, L. M. Liz-Marzán, and
C. Pecharromán, “Drastic surface plasmon mode shifts in gold nanorods
due to electron charging,” Plasmonics, vol. 1, no. 1, pp. 61–66, 2006.

[11] C. Novo, A. M. Funston, A. K. Gooding, and P. Mulvaney, “Electrochem-
ical charging of single gold nanorods,” Journal of the American Chemical
Society, vol. 131, no. 41, pp. 14664–14666, 2009.



90 REFERENCES

[12] P. F. Gao, G. Lei, and C. Z. Huang, “Dark-field microscopy: Recent
advances in accurate analysis and emerging applications,” Analytical
Chemistry, vol. 93, no. 11, pp. 4707–4726, 2021.

[13] J. Jasieniak, L. Smith, J. van Embden, P. Mulvaney, and M. Califano,
“Re-examination of the size-dependent absorption properties of cdse
quantum dots,” The Journal of Physical Chemistry C, vol. 113, no. 45,
pp. 19468–19474, 2009.

[14] J. Jortner, M. A. Ratner, M. A. Ratner, and J. Jortner, Molecular Electronics.
Blackwell Science Oxford, 1997.

[15] R. J. Hunter, Zeta Potential in Colloid Science: Principles and Applications,
vol. 2. Academic press, 2013.

[16] P. Español and P. B. Warren, “Perspective: Dissipative particle dynamics,”
The Journal of Chemical Physics, vol. 146, no. 15, p. 150901, 2017.



91

Chapter 3

Direct Assembly of Gold
Nanocrystals

In this chapter,i we will present the results of EPD assembly for single
gold nanocrystal arrays. As we proposed, the first research question in this
thesis is "Can we assemble nanocrystals via EPD assembly onto the pre-
patterned templates at the single particle level?" To answer that, we choose
gold nanocrystals to start our experiment. We synthesised gold nanosphere
and nanorod as the target nanocrystals to proof our EPD assembly concept.
And we studied the parameters that control the assembly process. With
a series of parameter optimisation, gold nanospheres and nanorod can be
assembled via EPD and result in nearly 100% single crystal filling arrays. In
addition, the orientation of gold nanorods can be perfectly controlled by the
orientation of the designed template. The orientated gold nanorod arrays
were characterised by polarisation-dependent DFM. Finally, As proof of high
fidelity and scale-up possibility, we have created complex patterns and cen-
timetre scale patterns comprising more than 1 million gold nanorods.

iThis chapter is constructed based on our peer-reviewed publication: Heyou Zhang,
Jasper Cadush, Calum Kinnear, Timothy James, Ann Roberts, and Paul Mulvaney, "Direct
Assembly of Large Area Nanoparticle Arrays", ACS Nano, 2018, 12, 7529-7537. DOI:
10.1021/acsnano.8b02932. (Figures and texts in this chapter are adapted with permission.[1]
Copyright 2018, American Chemical Society)
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3.1 Introduction

In this chapter, we demonstrate a highly efficient method for large area
assembly of single gold nanoparticles (spheres and rods) into a pre-patterned
poly-methyl methacrylate (PMMA)-indium tin oxide (ITO) template via EPD.
The EPD cell comprised an ITO electrode and a second electron beam lithog-
raphy (EBL) patterned PMMA-ITO electrode, with positively charged gold
nanoparticles dispersed in an aqueous electrolyte between the electrodes (Fig-
ure 3.1). A DC potential difference was applied between the electrodes to
generate an electric field. Under the influence of this electric field, particles
underwent electrophoresis and were deposited into the nanoscale cavities
patterned onto the template. We also demonstrate real-time monitoring of
nanocrystal EPD under dark-field microscope. The video can be found in the
supporting information of our published article.[1]

FIGURE 3.1: Schematic representation of the EPD process showing nanospheres
deposited onto EBL fabricated ITO-PMMA template (dimensions not to scale).
A controlled volume of nanoparticle colloidal solution mixed with controlled
concentration of NaCl electrolyte is confined between an EBL patterned ITO-
PMMA template and an ITO counter electrode on the top. Nanoparticles are
positively charged by coating poly-dimethyl-diallyl ammonium chloride (poly-
DADMAC). An electric field is generated by applying a potential between the

ITO-PMMA template and the ITO counter electrode.
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3.2 Experimental Methods

3.2.1 Gold Nanospheres Synthesis

We use gold nanospheres to start our assembly because it is relatively
easy to synthesis with symmetric geometry. In order to get a better ob-
servation under DFM, we are aiming for making gold nanospheres with
relative large size > 100 nm. The synthesis procedure is adopted according to
literature protocols.[2, 3] The procedure as follow: 20 mL ethylene glycol (Ajax
Chemicals, 99.8%) was added into a glass flask and stirred with a magnetic
bar. Then 0.8 mL of 1M H3PO4 solution and 0.4 mL of poly-dimethyl-diallyl
ammonium chloride (pDADMAC) (Sigma-Aldrich, 20 wt% in H2O, Mw =

400,000 - 500,000) were added into the flask. After 5 min stirring, 20 µL of
0.5 M HAuCl4 aqueous solution (prepared by HAuCl4·3H2O (Sigma-Aldrich))
was add and kept stirring for 15 min at room temperature. Then the solution
was quickly loaded into a 195 ◦C oil bath for 30 min until the colour of solution
changed from light yellow to colourless, purple and finally brown.

FIGURE 3.2: Characterisation of gold nanospheres (a) The transition electron
microscope images for 110 nm spherical gold nano-crystals. (b) The plot of size
distribution of the 110 nm spherical gold nanocrystals count by 100 particles form

TEM.

After the reaction, the solution was loaded into a water bath and cooled
down to room temperature. After the solution was thoroughly cooled down, 5
µL 0.5 M HAuCl4 aqueous solution was added and kept stirring for 20 hours.
The final solution was centrifuged at 8000 rcf for 20 min and the precipitate was
washed with ethanol and water three times at 2000 rcf 5 min centrifugation.
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(Note: the term “washing” of nanocrystals, refers to centrifugation of the
solution, removal of the supernatant liquid and re-suspension in fresh solvent.)
No further filtration was needed. The resulting gold nanosphere have an
average diameter ≈ 110 nm and characterised by TEM in figure 3.2.

3.2.2 Gold Nanorods Synthesis

FIGURE 3.3: Characterisation of gold nanorods (a) The transition electron
microscope images. (b) The plot of size distribution of the gold nanorods count
by 100 particles form TEM. Average size: 102 nm in length and 40 nm in width,

aspect ratio: 2.54.

The gold nanorods were synthesised according to previous report.[4] In
our experiment, we are aiming for gold nanorods with size approximately 40
nm in width and 100 nm in length. Briefly, to create gold seeds, in a scintillation
vial were added 5 mL of 0.5 mM HAuCl4 followed by 5 mL of 0.2 M CTAB
(Sigma-Aldrich, 98%). Then, 0.3 mL of 20 mM freshly prepared NaBH4 (Sigma-
Aldrich, 98%) was added under stirring (1,200 rpm). The solution was aged at
room temperature for 2 hours before use. For gold nanorod (with size 40 nm×
100 nm) growth, 9 g CTAB and 1.543 g NaOL (Sodium Oleate, Sigma-Aldrich,
99%) were added into a 1 L flask with 250 mL water at 50 ◦C and mixed until
dissolved. Then, the flask was set into a 30 ◦C water bath and 18 mL of 4 mM
AgNO3 (Sigma-Aldrich, 99%) were added. The solution was left undisturbed
for 15 min at 30 ◦C after which 250 mL of 1 mM HAuCl4 solution was added.
The solution was kept stirring at 700 rpm for 90 mins until colourless. 2.5
mL HCl (32%) was added to adjust the pH. After 15 min of 400 rpm stirring,
1.25 mL freshly prepared 0.1 M L-ascorbic acid (Sigma-Aldrich, reagent grade)
were added to the solution, followed by vigorous stirring for 30 s. Finally, 0.4
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mL gold seed solution were added and the solution was then left undisturbed
overnight at 30 ◦C. To overcoat the gold nanorods with pDADMAC, 2mL of
the gold nanorod solution with an approximate concentration of 50 µg/mL
was centrifuged at 2000 rcf and redispersed in 2 mL of Milli-Q water. Then
1 mL of 10 mM NaCl solution was added into the solution with stirring (500
rpm). A mixture of 2 mL 1% polystyrene sulfonate (PSS) solution and 1 mL 10
mM NaCl solution was then added to the particle solution while stirring. After
5 min, the solution was left undisturbed for 30 min followed by centrifugation
at 1500 rcf. The precipitate was then redispersed in 2 mL of Milli-Q water and
the same steps were repeated but using 1% pDADMAC solution instead of PSS
solution. The structural characterisation of the gold nanorods is summarised
in figure 3.3.

3.2.3 Large Area EPD Cell Assembly Details

FIGURE 3.4: Digital images of assembly method and 3D printed large scale EPD
cell with 20 mm (L) × 20 mm (W) × 2 mm (H) Chamber.

For large area STEPD assembly, multiple electrical contacts were required
to minimise the IR drop across the ITO electrode. The EPD chamber was
increased in size to 20 mm (L) × 20 mm (W) × 2 mm (H). Eight wires were
hooked around both electrodes to generate an even electrode field across the
template (Figure 3.4). The patterned template was connected to the cathode
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and the counter electrode was connected to the anode. Approximately 2 mL of
gold colloid solution was injected into the flow-through channel.

3.3 Result and Discussion

3.3.1 Results of Gold Nanospheres and Gold Nanorods Arrays

FIGURE 3.5: Results of STEPD assembly of gold nanosphere arrays. The dark-
field microscope images of (a) empty boxes array and (b) boxes array filled with
110 nm gold nanospheres. (c) Scanning electron microscope image of several gold
nanospheres in the array from figure3.5b. (d) The dark-field scattering spectra of

10 single gold nanospheres in a row of array. (Measure in air, ITO substrate)

The primary assembly of the gold nanoparticles via EPD employed 40 ×
40 square arrays of 120 × 120 nm box cavities (Figure 3.5). Figure 3.5a shows
the image of the empty box cavity arrays under a dark-field microscope. Since
there are no particle inside the cavities, it is hard to observe the array under the
dark-field microscope. We can only observe a very faint green colour, which
is caused by weak light scattering from the cavity walls themselves. However,
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figure 3.5b shows the dark-field microscope image of the array filled with 110
nm gold nanospheres after deposition. Since near-field optical coupling of
nanoparticles is dependent on the size of the gap between each particle and the
centre-to-centre distance between each cavity is 4 µm, we can clearly observe
the optical response of each individual particle inside the array. The array was
filled with gold nanospheres with uniform yellowish scattering light, and non-
specific binding was minimal. A scanning electron microscope image of part
of the gold nanosphere array consisting of nine wells is shown in figure 3.5c.
Each cavity was filled with only one particle, and all nine gold nanospheres
were located inside cavities. The single particle scattering spectrum was also
measured for the deposited gold nanospheres. Figure 3.5d presents normalise
scattering spectra for ten gold nanospheres. We randomly chose ten particles
to verify the quality and consistency of EPD assembled gold nanospheres. The
scattering spectra all evince a similar peak around 600 nm, which is correlated
to the reported scattering spectrum of a single 110 nm gold nanosphere.[3]
We found that EPD is self-terminating. Deposition of a nanoparticle into a
surface cavity apparently blocks the electric field and consequently only single
particles are deposited.

FIGURE 3.6: Results of EPD assembly of gold nanorods array. (a) The dark-field
image of a 40 × 40 gold nanorods array filled by 100 nm × 40 nm gold nanorods.
(b). Scanning electron microscope image of several gold nanorods in the array of
figure 3.6a. (c) The dark-field scattering spectra of 10 single gold nanorods in a

row of array. (Measured in air on ITO substrate)

Compared to gold nanospheres, gold nanorods are more appealing because
of their anisotropic optical properties. We also assembled arrays of gold
nanorods via EPD and figure 3.6c shows a dark-field image of an array filled
with 100 × 40 nm gold nanorods. The design of the template is similar to the
templates used for gold nanospheres deposition but with rectangular rather
than square cavities (Figure 2.1b). Typically, the dimensions of the cavities are
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about 10% larger than the particle dimensions. The separation between each
rod in the array is 4 µm, enabling individual rods to be easily distinguished
by dark-field microscopy. The primary colour seen in reflection is due to the
strong surface plasmon resonance at 720 nm for 100 × 40 nm gold nanorods.
Only a small number of background particles sticking at the PMMA surface
could be observed. Figure 3.6b shows a scanning electron microscopy image
of a region of the gold nanorod array. The image highlights the fact that
gold nanorods can be precisely positioned and aligned within each cavity,
and furthermore each cavity is again filled by only one gold nanorod. The
gold nanorods were aligned in the same orientation as the cavities. Ten
gold nanorods from one row of the array were randomly chosen and their
individual scattering spectra recorded (Figure 3.6c). The overlapping of all ten
spectra again demonstrates both the successful assembly of gold nanorods and
their high degree of monodispersity.

3.3.2 EPD Assembly Kinetics and Parameter Optimisation

Particle Size Selectivity

From previous results of gold nanospheres and gold nanorods EPD as-
sembly, we found out that, gold nanoparticles can be precisely assembled
in single particle level, which seems highly depends on the geometry of the
cavities. In order to test the particle size selectivity during STEPD assembly,
we designed a template with with four different sizes of cavities for gold
nanospheres assembly and the results is shown in figure 3.7a. The array of
cavities with size of 120 nm in width was quantitatively filled with 110 nm
gold nanospheres. However, for arrays made with smaller cavities (30 nm,
60 nm and 90 nm), there was almost no particle deposition. At the very
edges of the array, one could see a small degree of filling. We attribute this
unexpected deposition to (1) the inhomogeneous distribution of the particles
size. While most particles are too big to fit within the cavities, there still exist
sufficient smaller particles to just fit the small cavities. Hence their unexpected
deposition into small cavities can be eliminated by making the particles more
homogeneous. Another possibility to cause the unexpected deposition at
edges is (2) the uneven distribution across an array. To verify this possibility,
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FIGURE 3.7: Study of particle size selectivity during EPD. (a) Dark-field
microscope image for full scale gold nanospheres array with different size cavities.
(b) Dark-field microscope images illustrate the movement of excess particles at
the edge of array. (c) COMSOL Multiphysics simulation result for electric field

distribution of EPD cell. Unit: V/m.

we record a video to track the particle movement during the EPD process. A
set of snapshots from the video is shown in figure 3.7b. The left-bottom part
of the array region of the array is quantitatively filled with gold nanospheres.
However, a cluster of particles’ flow was observed at the edges of the array.
This phenomenon can only be observed at the edge of an array, which indicates
that the electric field is stronger at the edge than at the middle of an array. This
interpretation was further supported by the simulation results using COMSOL
Multiphysics (Figure 3.7c). We simulated the electric field distribution for the
EPD cell. A 1 cm length electrode with 1.5 V charge was placed at the top of the
cell and five 100 nm box cavities with−1.5 V charge were placed at the bottom.
The medium is the pure water with relative permittivity ε = 81.5 (T = 290K).
By solving Maxwell’s equation: ∇D = ρv and E = −∇V, the simulation results
show that the electric field is stronger at both terminal cavities and slightly
decays towards the middle cavity. Particles will suffer a higher electric field
force, and consequently, they will then flow towards the edges of the array. In
this case, despite the fact that the particle is bigger than the cavity, a strong
force can still push the particle to be deposited. However, this unexpected
deposition can only be observed when the deposition process lasts for more
than 30 s. Therefore, it can be prevented by fast deposition cycles.
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FIGURE 3.8: Scanning electron microscope images from a part of different size
gold nanospheres arrays. Template size (a) 120 nm (b) 80 nm (c) 50 nm. (Scale bar:

2 µm)

In order to finely visualise the details of gold nanocrystals arrays, we took
SEM images to analyse the deposition process. Figure 3.8a is an SEM image of
a partially filled array containing 116 nm gold nanospheres. Each cavity was
filled with only one gold nanosphere as expected. All gold nanospheres were
located inside cavities. Inside figure 3.8a is a high-resolution SEM image of
a single particle. The particle is sitting in the middle of the cavity. However,
because the particle size is close to the size of the cavity, the PMMA cavity
has been partially damaged during the deposition. Furthermore, smaller gold
nanospheres are also assembled in this case. Figure 3.8b and c are SEM images
of regions of 66 nm and 38 nm gold nanosphere arrays. In these cases, the
gold nanospheres were assembled precisely by EPD. The size of the cavities
are 80 nm and 50 nm respectively. This suggests that damage occurs to the
PMMA, when there is insufficient space around the particles and the particles
are driven by the applied fields into the edges of the cavities.

STEPD Assembly Kinetics and Parameters

In the last section, it was demonstrated that spherical gold nanoparticles can
be efficiently deposited into PMMA arrays on ITO. In order to understand and
control the STEPD assembly process, key parameters in the gold nanoparticle
EPD process were also investigated to optimise and predict the assembly.
According to the Henry’s equation (Equation 3.1),[5, 6] the mobility of a
charged particle, µ, is defined as the ratio of the speed of the particle, v, to
the magnitude of the applied electric field, E, and is given by:
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µ =
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where ε0 is the vacuum permittivity, εr is relative permittivity of the solvent,
η is the viscosity of the solvent and f(κr) is a function, which depends on the
particle radius r and the electrical double layer thickness κ−1.[6] For aqueous
electrophoresis, the mobility of a particle is influenced by (a) the applied
electric field strength E, (b) the particle’s zeta potential ζ and (c) the double
layer thickness of the particle. Figure 3.9 shows the changes in the measured

FIGURE 3.9: The plot of zeta potential (left axis) and double layer thickness (right
axis) as a function of NaCl concentration in 110 nm gold nanospheres solution.
(room temperature 293K, pH = 7, pDADMAC coated particles) Black dash line

indicate the applied NaCl concentration region in experiment.

zeta potential and double layer thickness as a function of NaCl concentration.
The double layer thickness is given by equation 3.2:

κ−1 =
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2
0

) 1
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(3.2)

where k is the Boltzmann constant, T is the temperature, zi is the ion charge, e0
is the elementary electron charge and c is the concentration of 1-1 electrolyte.
When the concentration of NaCl is increased, the thickness of the diffuse
electrical double layer is decreased. To investigate the effects of electrolyte
concentration and electric field strength on single nanoparticle EPD, we have
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measured the cavity filling fraction (defined as the ratio of filled cavities to
the total number of cavities) under different experimental conditions (Figure
3.10). For each data point in figure 3.10a and c, fresh PMMA-ITO templates
were used. Note that each 4 mm × 4 mm template consists of 24 arrays and
each array comprises 40× 40 nanocavities. The assembly process was stopped
after a certain time period. The filled cavities were counted in 10 arrays across
the template by collecting dark-field images and analysing them using Image-
J software. This was repeated 5 times using 5 fresh templates for the same
period of assembly. This is to reduce the errors associated with timing the
deposition process. Hence each data point represents the observed fraction
filled for 80,000 cavities. The error bars show the differences in filling fraction
across the 5 templates. Due to the finite resistance of ITO, there is a potential
gradient across the PMMA-ITO template and arrays closer to the connecting
wires at the template edges typically exhibit higher filling fractions than those
in the middle of the template.

Figure 3.10a shows the influence of electrolyte concentration on the filling
rate at a fixed gold particle concentration (30 µg/mL) and fixed electric field
(1.5 V/mm). When 0.2 mM or 0.15 mM NaCl was present, deposition occurred
within 1 or 2 seconds (black and red lines in figure 3.10a). However, when
the NaCl concentration was reduced to 0.08 mM, the gold particles deposited
much more slowly (blue, pink and green curves in figure 3.10a). In figure 3.10b
we plot the mean filling velocity as a function of the double layer thickness.
Increasing the electrolyte concentration in the EPD system increased the filling
rate, as expected. However, within the range of NaCl concentrations from
0.08 mM to 0.2 mM, the zeta potential of gold colloid remained close to
+44 mV ± 2 mV. Hence, from equation 3.1, the primary effect of increasing
the electrolyte concentration during EPD is to increase f(κr), which in turn
increases the gold nanoparticle mobility. However, there is an important
second consequence. Higher electrolyte concentrations (thinner double layer
thicknesses) facilitate access of the nanoparticles into the cavities because this
process is accompanied by double layer compression, which is energetically
unfavourable.

Another crucial factor, which influenced the EPD process, was the applied
potential. The time to completely fill all cavities decreased when the applied
potential was increased (Figure 3.10c), as expected from equation 3.1. A
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FIGURE 3.10: Parameter studies of the STEPD assembly process. (a) Plot of the
cavity filling fraction φ as a function of time for different NaCl concentrations
(Electrode spacing = 2 mm, mean gold nanosphere diameter = 110 nm, gold
nanosphere concentration = 30 µg/mL, applied potential = 3 V, T = 293 K, pH
= 7, aqueous phase). (b) Plot of the mean filling velocity as a function of the
electrical double layer thickness. (c) Plot of the cavity filling fraction φ as a
function of time for different electric field strengths (Electrode spacing = 2 mm,
NaCl concentration = 0.2 mM, gold nanosphere concentration = 30 µg/mL, T =
293 K, pH = 7, aqueous phase). (d) Plot of the mean filling velocity as a function
of the applied electric field. (All error bars indicate 5 standard deviations around

the mean value for each data point).

linear relationship between the mean filling velocity and the electric field
strength was observed, as shown in figure 3.10d. However, when the applied
potential was decreased to 0.5 V/mm (circled point in figure 3.10d), there was
no deposition. This means there is a “turn on” potential for EPD assembly.
This “turn on” potential is necessary to overcome the Brownian motion of the
nanoparticles and the repulsion associated with entry into the nanocavity.

The electrolyte concentration and applied potential have extremely strong
effects on the deposition process and quality of the filled arrays. During
parameter optimisation, we observed that lower NaCl concentrations and
higher applied potentials led to greater non-specific particle deposition onto
the PMMA surface, as shown in figure 3.11. This is explained in terms of
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FIGURE 3.11: Gold nanorod STEPD assembly under different electrolyte
concentration and applied potential to demonstrate the influence of electric
field overlapping near the electrode surface. EPD condition (Potential, NaCl

concentration) (a): 3 V, 0 mM. (b): 3 V, 0.2 mM. (c):4 V, 0.2 mM.

double layer screening. At low electrolyte concentrations and higher applied
potentials, the electric fields generated in the cavities overlap in the surface
region between the cavities and this can be strong enough to drive particles to
adsorb onto the PMMA. Lower potentials and shorter Debye screening lengths
ensure the gold rods are driven more efficiently into the cavities.

FIGURE 3.12: DFM images of gold nanospheres array assembled with (a) Au
concentration = 1,000 ng/mL, (c) Au concentration = 10,000 ng/mL. (b) The plot
of number of particles on background per 0.1 mm2 as a function of gold particles
concentration (Electrode spacing = 2 mm, Potential = 3V, NaCl concentration =

0.2 mM)

Finally, we also investigated the influence of gold particle concentration on
the particle background adsorption to PMMA (Figure 3.12). The relation be-
tween the number of particles stick outside the arrays per 0.1 mm2 and the gold
particle concentration (Figure 3.12b) shows that a lower particle concentration
gives a cleaner background. As long as we have enough particles we can avoid
the background sticking by lowering the particle concentration.
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3.3.3 Optical Properties and Orientation Study of Gold

Nanorod Arrays

The special polarisation dependent optical properties of gold nanorods en-
ables us to better investigate the alignment of the arrays. The SPR of gold
nanorods is split into two bands: a longitudinal band, and a transverse band.
The dipole moments of these two plasmon resonances are orthogonal and
relatively independent of each other. Therefore, it is possible to selectively
observe either one of them by placing a polariser in the path of the scattered
light. This scattering anisotropy allows us to probe the alignment and polar-
isation properties of gold nanorods arrays. A simplified schematic showing
the set-up of the reflection-mode dark-field microscope is provided in chapter
2. Figure 3.13a presents the intensity changes in the scattering from single
gold nanorods (with dimension 100 nm in length and 40 nm in width) for a
series of polarisation angles. At 0°, the polariser is orthogonal to the major axis
of the gold nanorods and therefore, the intensity of the transverse scattering
peak dominates, causing the gold nanorods to appear green (scattering peak
at 530 nm). Conversely, upon rotation of the polariser to 90°, the perceived
colour of the gold nanorods is dominated by the longitudinal surface plasmon
oscillations and the rods appear red (720 nm). Because the cavities were all
oriented in one direction, all the particles deposited in the cavities should
follow the same polarisation-dependent colour changes. This is confirmed in
figure 3.13b. As we rotated the polariser from 0° to 90°, the colour of the gold
nanorods is uniformly modulated from green (Figure 3.13b left) to red (Figure
3.13b right). This uniform colour change over the entire array indicates the
gold nanorods were reproducible deposited and aligned into cavities via EPD.

We also used dark-field microscopy to investigate the broadband intensity
changes of a row of gold nanorods in an array as shown in figure 3.13c.
When the polariser was at 90°, all 40 particles displayed the highest intensity
(red curves). Upon rotation of the polariser by 30° to 60°, the scattering
intensity decreased correspondingly (yellow curves). A further shift to 30°
led to a further intensity decrease (blue curves). Finally, when the polariser
was rotated to 0°, the spectra exhibited the lowest intensity (green curves).
This polarisation-dependent intensity change occurs because the longitudinal
mode is far more intense than the transverse mode of the gold nanorods.
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FIGURE 3.13: Polarisation-dependent scattering properties of gold nanorod
arrays. (a) Dark-field scattering spectrum of a single gold nanorod under different
polarisation angles. (b) Dark-field images of gold nanorods array under 0 and 90
degree polarisation angles. (Gold nanorod with dimension 100 nm in length and
40 nm in width. Cavity with dimension 120 nm in length and 60 nm in width.) (c)
Broadband intensity changes in a line of gold nanorods for different polarisation

angles.

To further confirm that the template determines the gold nanorod orien-
tation, a pattern was created in the form of the letters “A”, and “u”, with
the cavities being oriented perpendicular to each other in the two letters. In
letter “A” the cavities are orientated horizontally and in the letter “u” they
are orientated vertically (with respect to the image taken). The letters were
assembled using gold nanorods with 300 nm edge to edge spacing between
each rod as shown in figure 3.14. Note that in figure 3.13b, the spacing between
the gold rods is several microns and each particle is fully resolved in the dark-
field microscope. The scattered colours correspond to the surface plasmon
modes of the isolated gold nanorods. However, in figure 3.14, to create
stronger contrast in the optical image, the particles are much closer together,
with a separation between the ends of the gold rod ends being just 300 nm.
Plasmon coupling pushes the longitudinal mode towards the near inferred
(NIR) and the red colour is therefore weakened and the scattered colour that
is observed tends to be more orange-red. There is also a slight red-shift in the
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FIGURE 3.14: Polarisation-dependent scattering properties of densely packed
gold nanorod arrays. (a) Dark-field images at 0° (left) and 90° (right) polarisation
angles of the letters “A” and “u” assembled from gold nanorod arrays with
perpendicular orientations. And (b) corresponding SEM images of the letters “A”
(left) and “u” (right). (c) Dark-field images at 0° (left) and 90° (right) polarisation
angles of two squares of gold nanorod arrays with the same packing density as
the letter "Au" in perpendicular orientation. And (d) corresponding SEM image
of two arrays. High resolution SEM images of (e) gold nanorod arrays in letter

"A" and (f) gold nanorod arrays in letter "u".

transverse mode, which leads to a stronger perceived green colour. Hence the
colours in figure 3.13b and figure 3.14 are not the same due to different packing
densities. However, the uniform colour switching between the letters “A” and
“u” upon rotation of the polariser proves that the rods are uniformly oriented
in the films.

3.3.4 Complex pattern and Large Scale Assembly

To demonstrate the fidelity and potential for scale-up, a series of patterns
with different complexity and large scale were designed for assembly. The first
trial for complex pattern fabrication was the dimer gold nanorod structure,
shown in figure 3.15. The tip-to-tip dimer has been used previously for
investigating plasmonic coupling between gold nanocrystals.[7, 8] However,
the methods employed for building the dimer structures previously relied on
fortuitous alignment during spin-coating or evaporation of gold which leads
to low crystallite of gold nanorod. Our STEPD assembly method provides
a reliable way to build controllable dimer structures with single crystallised
gold nanorod. Meanwhile, the trial for building dimer rods structure is also
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an approach to evaluate the accuracy of our STEPD assembly. The dimer
structural pattern was designed as follow: The cavity size was 120 nm x 60 nm,
designed to fit the 100 nm × 40 nm gold nanorods. The separation between
two cavities in the dimer structure was varied from 50 nm to 450 nm. Each
dimer structure was separated by 4 µm so that the individual dimers could be
resolved in the DFM. The results of the fabrication are shown in figure 3.15.

Figure 3.15b is a set of SEM images of dimer structures filled with gold
nanorods and also associated with dark-field images to demonstrate the op-
tical property of each dimer structures. From 50 nm to 450 nm separation
distance, all dimer structure arrays were perfectly filled with gold NRs. The
separation of two gold nanorods in a unit was also controlled by the template.
The dark-field images of each dimer structures showed the optical coupling
of the dimer gold nanorods. Below the 200 nm separation distance, the two
gold nanorods were optically coupled, and appear as a single spot under 50
× magnification dark-field microscope. Above 250 nm separation distance,
the dimer structure started to split into two, and the two particles appear as
distinct points of light when the two gold nanorods are separated by more
than 450 nm. This result indicates that our STEPD assembly is fully capable
of assembling nanoparticles patterns from at least 50 nm (optical coupled) to
micrometer scale separation distance (optical discrete).

In general, the spectrum of the dimer gold nanorods structure exhibits
a red shift to longer wavelengths compared to single gold nanorod reso-
nances, due to plasmonic coupling between two particles. This plasmonic
coupling effect has been well studied and one approach to understand it
better is through “Plasmonic Hybridisation Theory”.[7, 8] The coupling of
two gold nanocrystals is similar to the hybridisation of molecular orbitals.
The conduction electron oscillations in a dimer structure are determined by
the transition dipole moment of the system. The spectrum of our dimer
gold nanorods structure exhibits a red shift from ≈730 nm to ≈780 nm as
the separation distance is decreased. This is caused by a stronger plasmonic
coupling between particles. Furthermore, figure 3.15c shows the relationship
between spectral shift in wavelength and the separation distance between
particles. The results were fitted by a simple cubic function:
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FIGURE 3.15: Assembly of gold nanorods dimer arrays. (a) Schematic image of
dimer rod structure. (b) Dark-field images (left) and SEM images (right) for tip
to tip dimer gold nanorods structure array deposited by EPD with the separation
from 50 nm to 450 nm. Scale bar 2 µm (outside) and 200 nm (inside). (c) Scattering
spectra of dimer gold nanorods structures with separation distance 50 nm (top) to
450 nm (bottom). Step: 50 nm. (d) Plasmon band shift as a function of separation
distance between particles determined experimentally (black square) and Cubic

fitting (red dash line).
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FIGURE 3.16: Logo of the University of Melbourne assembled by gold nanorods
arrays via STEPD assembly method. (a) SEM image of the logo of the University
of Melbourne. (b) High resolution SEM images of the logo of the University of
Melbourne. (c) The logo of the University of Melbourne under different polariser

angle: Dark-field images (outside). Scattering spectra (inside).
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∆λ

λ
∝ 1(

s
L

)3 (3.3)

where λ is the plasmonic resonance wavelength of an isolated single gold
nanorod, ∆λ is the shift in wavelength of a particular dimer structure com-
pared with λ, s is the separation distance between gold nanorods, and L is the
length of gold nanorods. The fit of such relation is shown in figure 3.15d which
fits the experimental data well.

To demonstrate the large scale fidelity and consistency of the STEPD assem-
bly method, we have fabricated a copy of the University of Melbourne logo
as shown in figure 3.16a. This logo was assembled through an optimised EPD
process. It contains 6,205 gold nanorods in total. The size of the logo is 8,100
µm2 (90 µm × 90 µm). The distance between each particle is 500 nm (centre
to centre). High-resolution SEM images in figure 3.16b present more details
of the logo. Cavities were nearly 100% filled by single gold nanorod and no
misalignment was spotted. Moreover, we intentionally designed all rod-like
cavities horizontally to endow the polarisation dependent property of the logo
base on the optical property of gold nanorods. The dark-field images of the
logo under different polariser angle show a clear and uniform colour change
(Figure 3.16c outside). Based on the orientation of gold nanorods, when the
polariser rotated from orthogonality (0 degrees) to parallel (90 degrees), the
colour of the logo changes from green to reddish orange respectively. The
scattering spectra of the logo under different polariser angle (Figure 3.16c
inside) also contribute to the colour changes.

Finally, because the actual particle coverage in figure 3.16a was much less
than a monolayer and the entire logo was only 90 µm across, the colour could
not be discerned by the naked eye. In order to fabricate a pattern which could
be seen by the unaided eye, we designed and assembled an “Au” logo with
dimensions 2.5 cm × 2.5 cm (Figure 3.17a). This “Au” logo is composed of
arrays of pixels. Each pixel is an array containing 66 × 66 cavities with a
smaller 200 nm end-to-end separation between cavities and filled with gold
nanorods using EPD. Figure 3.17b present sets of scanning electron microscope
images of the “Au” logo at different magnifications. More than 98% of the
array cavities are filled with single gold nanorods. Because of the dense
packing, the plasmon modes in the rods are strongly coupled and the letters
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FIGURE 3.17: Large scale assembly of gold nanorod arrays in centimetre scale.
(a)A set of digital photos of “Au” logo made by EPD on 25 mm × 25 mm ITO-
PMMA glass slide. (b) A set of SEM images of the large scale "Au" logo. (c)
Dark-field image of one pixel in the “Au” logo and (b) its scattering spectra under

different polariser angle.
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are visible to the unaided eye and, in reflection, the image exhibits a dull gold
colour despite being only a single monolayer thick. There are more than 1
million gold nanorods in this image, the first macroscopic image to be written
in single nanoparticles. Figure 3.17c shows one pixel under the dark-field
microscope. To see the scattered light from such monolayer of gold rods with
the human eye requires closer packing of the gold rods. With 200 nm end-
to-end separation, the pixels evince a greenish-yellow hue and the dark-field
spectrum exhibits a broad scattering peak at around 580 nm (Figure 3.17d).

3.4 Summary

In this chapter, we have demonstrated that electrophoretic deposition can
be used to assemble single gold nanocrystal arrays via our STEPD method.
By selecting suitable cavity size, gold nanospheres with size from 40 nm to
120 nm can be assembled into arrays with single particle per cavity. Be-
sides spheres, asymmetrical gold nanorods can also be assembled into rod
like cavities. The efficiency of the deposition process is strongly dependent
on the field strength and the electrolyte concentration. There is a linear
relation between the nanocrystals filling velocity to the applied electric field
strength and a non-linear relation between the nanocrystals filling velocity to
the electrolyte concentration. Meanwhile, the quality of assembled arrays can
be controlled by tuning electrolyte concentration and applied electric field to
minimize unwanted particle deposition outside the cavity. We also find that
the orientation of gold nanorods in array is controlled by the orientation of
rod-like cavities. Gold nanorods can be assembled along with the designed
orientation of each cavity on template. Therefore, the cavities can be used
to control nanoparticle deposition by size, shape and orientation. Finally, we
also tested the ability of our STEPD method for assembling complex patterns
and large scale arrays. A logo of the University of Melbourne is perfectly
assembly by 6,205, orientated gold nanorods. The logo shows polariser angle
dependent colour changes under dark-field microscope. Scalability has also
been demonstrated by a 2.5 cm × 2.5 cm "Au" element logo. Over 7 orders
of magnitude with single nanoparticle being positioned with an accuracy of a
few nanometres over centimetre areas.
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Chapter 4

Direct Assembly of Vertically
Oriented, Gold Nanorod Arrays

The Second research question we proposed in this thesis is: "2. What
factors determine the fidelity of STEPD? i.e. can we optimise the process
to enable it to be robust and reproducible?" In this chapter,i we propose
that the gold nanorods experience a vertical landing altitude during STEPD
assembly then lie down along the orientation of cavities. We demonstrate
that the orientation of gold nanorods during deposition is controlled by the
electric dipole moment induced along the rod by the electric field. Dissipative
particle dynamics simulations (DPD) indicate that the magnitude of this dipole
moment is dominated by the polarisability of the solution phase electric double
layer around the nanorod. The resulting vertical gold nanorod arrays exhibit
reflected colours due to selective excitation of the transverse surface plasmon
mode. The STEPD method allows the assembly of arrays with a density of
over one million, visually resolvable, vertical nanorods per square millimetre.
Special thanks to Dr. Yawei Liu and Dr. Asaph Widmer-Cooper for their
support in DPD simulation.

iThis chapter is based on our peer-reviewed publication: Heyou Zhang, Yawei Liu,
Muhammad Faris S. Shahidan, Calum Kinnear, Fatemeh Maasoumi, Jasper Cadusch, Eser
M. Akinoglu, Timothy D. James, Asaph Widmer-Cooper, Ann Roberts, and Paul Mulvaney,
"Direct Assembly of Vertically Oriented, Gold Nanorod Arrays", Advanced Functional Materials,
2020, 20200675. DOI: 10.1002/adfm.202006753. (Figures and texts in this chapter are adapted
with permission.[1] Copyright 2020, Wiley-VCH)
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4.1 Introduction

Bottom-up assembly of nanoscale particles is substantially more difficult
than is the case for larger particles, primarily because of Brownian motion.
Most induced forces scale with particle volume so that larger particles are
easier to manipulate. However, micron scale particles suffer faster rates of
sedimentation, which can be a significant problem. Conversely, Brownian
motion also helps the particles to sample many environments, which can help
more stable assemblies to form and anneal defects. The key is obtaining
the right balance between Brownian forces and the other forces driving the
particles to assemble. Solomon and colleagues proposed that this occurs for
a Peclét number of Pe ≈ 1, i.e. assembly is most efficient when there is both
advection or “particle forcing” and diffusion of nanocrystals.[2, 3]

In chapter 3, we reported the direct assembly of large-area, single gold
nanocrystal arrays via our STEPD method, which pushed single-nanocrystal
assembly to the nanoscale. It was demonstrated that EPD can be used to
position single nanocrystals with nanometre resolution. EPD requires well-
defined surface charge densities for homogeneous deposition and works best
for monodisperse particles. The DC field induces translational motion of a
spherical particle at a speed that depends on particle size, shape, electrolyte
concentration and surface charge.[4–6] For non-spherical particles, there is
also a rotational force or torque generated due to the intrinsic polarisability
of the material and also because of any permanent dipoles present within the
material. The latter situation arises for CdS rods. Furthermore, a charged
particle in solution is surrounded by a balancing diffuse layer of counter ions.
Polarisation of this electrical double layer (EDL) also may be significant as
we show. If the total rotational force can overcome Brownian forces, oriented
deposition should be possible.[7–10]

In this chapter, we demonstrate the controlled deposition of single gold
nanorods with a vertical orientation with respect to the substrate. We have
investigated the influence of the electric field and gold nanorod size to generate
high fidelity arrays. The optical properties of the vertical gold nanorods are
characterised through dark-field microscopy, and a millimetres scale array
containing over 60 million vertical gold nanorods is assembled to demonstrate
the scalability of the approach. Finally, COMSOL Multiphysics and dissipative
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particle dynamics (DPD) simulations are used to investigate the role of gold
and electric double layer polarisation on the nanorod orientation during EPD.

4.2 Experimental Methods

4.2.1 Synthesis of gold Nanorods with three different sizes

FIGURE 4.1: Characterisation of gold nanorods. (a, d, g): Transmission electron
microscopy (TEM) images, (b, e, h): core size distributions and (c, f, i): UV-
Vis absorption spectra of the three different batches of gold nanorods used for
assembly. NR160 (first row) has an average length of 159.62 nm, width of 52.38
nm, and an aspect ratio of 3.05. NR113 (second row) has an average length of
112.85 nm, width of 41.79 nm and an aspect ratio of 2.70. NR95 (third row) has an

average length of 94.68 nm, width of 21.94 nm, and aspect ratio of 4.31.

Three types of gold nanorods were synthesised using the binary surfactant
method whereby different reagent ratios are used to control the size.[11] To
create gold seeds, 5 mL of 0.5 mM HAuCl4 aqueous solution (prepared from
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HAuCl4 • 3H2O (Sigma-Aldrich 99.9%)) was added into a vial, followed by
5 mL of 0.2 M CTAB aqueous solution (Sigma-Aldrich, ≥ 98%). After 2 mins
of slow stirring (400 rpm), 0.3 mL of 20 mM freshly prepared NaBH4 (Sigma-
Aldrich, ≥ 98%) was added under vigorous stirring (1,200 rpm). The solution
turned brown instantly which indicated the formation of gold seeds. After
5 min stirring, the resultant seed solution was aged at room temperature
for at least 30 mins before use. Three different sizes of gold nanorods were
prepared using the reagent ratios shown in table 4.1. In general, CTAB and
NaOL (sodium oleate, Sigma-Aldrich, ≥ 99%) were added into a 1 L round
flask. 250 mL water was then added into the flask and heated at 50 ◦C
under stirring (500 rpm) to dissolve the CTAB and NaOL. Then, the flask
was cooled down and maintained at 30 ◦C during the rest of the procedure.
After the temperature had stabilised, the required volume of 4 mM AgNO3

(prepared from AgNO3 powder, Sigma-Aldrich, ≥ 99%) was added into the
flask and mixed by stirring. 250 mL of 1 mM HAuCl4 solution was then
added into the flask. The solution was left undisturbed for 15 min at 30
◦C. After that, the solution was kept stirring at 700 rpm for 90 mins until
colourless. Concentrated HCl was added to adjust the pH. Then 1.25 mL of
freshly prepared 0.1 M L-ascorbic acid (Sigma-Aldrich, reagent grade) were
added to the solution, under vigorous stirring (1200 rpm) for 30 s. Finally, the
appropriate volume of gold seed solution (see table 4.1) prepared previously
was added while stirring. The solution was then left undisturbed overnight at
30 ◦C. The final product was centrifuged for 20 min and redispersed in 5 mM
CTAB solution. To overcoat the gold nanorods with pDADMAC, 2mL of the
gold nanorod solution with an approximate concentration of 50 µg/mL was
centrifuged at 2000 rcf and redispersed in 2 mL of Milli-Q water. Then 1 mL of
10 mM NaCl solution was added into the solution with stirring (500 rpm). A
mixture of 2 mL 1 % polystyrene sulphonate (PSS) solution and 1 mL 10 mM
NaCl solution was then added to the particle solution while stirring. After 5
min, the solution was left undisturbed for 30 min followed by centrifugation at
1500 rcf. The precipitate was then redispersed in 2 mL of Milli-Q water and the
same steps were repeated but using 1 % pDADMAC solution instead of PSS
solution. The structural characterisation of the gold nanorods is summarised
in figure 4.1. Zeta potentials were determined using a Brookhaven Zeta PALS
instrument and were found to be +50 mV ± 3 mV. We choose pDADMAC
to coat the gold nanorods for the following reasons. (1) A polymer coating on
gold nanorods can increase the colloid stability and eliminates the need for free
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ligands, For example, surfactants also alter the electrolyte concentration. (2)
pDADMAC provide a relatively high surface charge. (3) pDADMAC renders
the gold nanorod positively charged. We deposit positively charged gold
nanorods onto negatively charged electrodes to eliminate the possibility of
electrochemical oxidation of the gold rods.

Sample CTAB NaOL AgNO3 HCl Gold Seed Mean Mean Aspect
Number Mass Mass Volume Volume Volume Length Width Ratio
NR 160 9 g 1.23 g 24 mL 3.6 mL 0.01 mL 160 nm 53 nm 3.05
NR 113 9 g 1.23 g 24 mL 1.5 mL 0.1 mL 113 nm 42 nm 2.70
NR 95 9 g 1.23 g 36 mL 3 mL 0.2 mL 95 nm 22 nm 4.31

TABLE 4.1: Volumes of reagents used to synthesise gold rods of different aspect
ratio.

4.2.2 ITO-PMMA Template Design and EPD Cell Assembly

The EBL patterning procedure of ITO-PMMA template and EPD cell assem-
bly procedure is the same as described in chapter 2. While, in this chapter, we
used two different thicknesses of PMMA on the top of ITO which are 50 nm
and 100 nm. The 50 nm and 100 nm PMMA resist layer was deposited by spin
coating PMMA (A2) at 2000 rpm and 1000 rpm, respectively, onto the ITO and
baked at 180 ◦C for 5 mins.

4.2.3 Spectroscopy

In this chapter, we have a home built setup to collect images and spectrum
of the reflected and refracted light from large area vertical arrays, as shown
in figure 4.2. A slide holder (10 mm (L) × 10 mm (W) × 2 mm (H) with 1
mm depth and 1mm width trench in the middle) was 3D printed and attached
to an optical fibre holder. The optical fibre holder was further connected
to a rotational stage for angle dependent measurements. Two optical fibres
(Ocean Optics, fibre diameter: 600 µm, operation wavelength: 200 – 1100
nm) were used for illumination and signal collection. A white light source
(Mikropack, DH-2000-BAL, Deuterium and Halogen) was used to illuminate
the sample from the side of the slide. The refracted light was collected with
a high-resolution Spectrometer (Ocean Optics, HR2000). All measurements
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were carried out in the dark to minimise the background scattering. The
background signal was then subtracted from the spectra collected at each
angle. All digital photos were taken with a digital camera (Canon EOS 200D)
equipped with an EFS 18-55 mm lens.

FIGURE 4.2: Digital picture of the home-built setup for measuring the refraction
of light from the large area vertical gold nanorod arrays.

4.3 Result and Discussion

4.3.1 Results of Single Vertical Gold Nanorods Arrays

In a chapter 3, it was shown that individual gold rod could be deposited
horizontally with nanoscale control over their positions and orientations. We
show that the orientation of gold nanorods during assembly fully depended
on the designed cavity orientation of the template. The fundamental question
being addressed here is what prerequisites are needed for gold nanorods
assembled to align with cavities. In another word, whether it is possible to
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FIGURE 4.3: Hypothesis of nanorod landing process during STEPD assembly.
(a) Scanning electron microscopy characterisation of horizontally aligned gold
nanorod arrays at 0◦ viewing angle. Red circled out a pair of "round" shape
particles in a single rod cavity. (b) Scanning electron microscopy characterisation
of gold nanorod arrays at 52◦. Two "pillar" like nanorods standing aside each other
in a single rod cavity. (c) Schematic representation of proposed nanorod landing

process during STEPD assembly.

control the orientation of a single nanocrystal during electrophoretic deposi-
tion. In order to answer this question, we rolling back to a deeper investigation
for those horizontally aligned gold nanorods arrays for any leads of details.
We found that, occasionally, there are two "round" shape particles filled into
a single rod cavity as circled out in figure 4.3a. Initially, it was assumed due
to the impurity of spherical particles in nanorod solution. However, while we
tilt the viewing angle under the SEM form 0◦ to 52◦, surprisedly, we found out
that, they are not two spherical particles but two nanorods vertically standing
aside each other as shown in figure 4.3b. With this fact, does it means that there
is a moment that nanorods were landing in cavities vertically? If so, it would
be reasonable to deduct that, during STEPD assembly, a single gold nanorod
was firstly landing into a rod cavity vertically, then fall down along with the
orientation of the rod cavity under the influence of electric field as suggested
in figure 4.3c.
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We investigate whether individual rod can instead be deposited vertically
with a similar degree of control. In contrast to horizontal deposition, vertical
deposition is unlikely to occur if the rods are randomly oriented as they
approach the surface. The ideal outcome would be an array of rods deposited
within a lithographically designed array, as shown in figure 4.4a.

FIGURE 4.4: Vertical gold nanorod arrays assembly via STEPD method. (a)
A schematic of the geometry of the vertically assembled gold nanorod array.
The substrate is made from ITO coated conducting transparent glass, and the
PMMA layer is spin coated onto the substrate, then etched via EBL. The cavity
width should be 20-30 % larger than the rod width. (b) Atomic force microscopy
image of part of a gold nanorod array showing 9 × 9 vertically oriented gold
nanorods (scale bar: 10 µm). (c) 3D coloured map of the height profile extracted
from the atomic force microscopy image. The uniform spikes are around 14 nm
high, showing that in each cavity the deposited rod protrudes from the cavity.
The width of the spikes is consistent with single particle deposition (Colour bar:

Height).

To investigate whether vertical assembly of individual rods is possible,
STEPD assembly was carried out using a template with square shaped cavities.
The width of the square cavities was slightly larger than the width of a single
gold nanorod but much smaller than its length. A 100 nm PMMA film was
spin-coated onto pre-cleaned ITO glass. The cavities with size 50× 50 nm were
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fabricated by electron beam lithography. Gold nanorods with a mean length
of 113 nm and 42 nm width (NR113) were synthesised and assembled into the
template via EPD. Because the length of the particles was longer than the depth
of the cavities, after the assembly, the tips of the gold nanorods protruded from
the surface and could be directly imaged by atomic force microscopy, as shown
in figure 4.4b. The inter-particle spacing was 5 µm. Remarkably, nearly all
the cavities were vertically filled with single gold nanorods. A 3D coloured
height map was generated from the AFM image (Figure 4.4c). We observed
that, on average, the gold nanorods protruded 14 nm above the surface with a
minimum observed value of 10 nm and a maximum value of 20 nm.

FIGURE 4.5: Scanning electron microscopy images of vertical gold nanorod arrays
at different magnifications. Viewing angle: 0° for (a, c), 30° for (d) and 52° for (b).

The arrays were further characterised by scanning electron microscopy
(SEM) as shown in figure 4.5. There is one single gold nanorod particle in
each cavity. From the normal view (Figure 4.5a and 4.5c), the circular shape of
the rods was readily observed. When the viewing angle was reduced from
perpendicular to 30° (Figure 4.5d) or 52° (Figure 4.5b), the “pillar” like
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particles standing inside the cavities and sticking out above the surface were
more easily seen and clearly demonstrated that the arrays were constituted of
single, vertically oriented, gold nanorods.

4.3.2 Assembly Parameter Study and Electric Field Induced

Dipole on Gold Nanorod

In order to further investigate the parameters that control the vertical orien-
tation during gold nanorod assembly. The effects of rod aspect ratio and field
strength were studied using templates with different sized cavities. Templates
containing both large square cavities (200 × 200 nm) and small square cavities
(60 × 60 nm) were used to assemble gold nanorods under a series of applied
electric field strengths (as represented in figure 4.6a). A typical assembly
result of gold nanorods deposited in 200 nm cavities is presented in figure
4.6b. Multiple gold nanorods are observed in one cavity. And the filling
fraction (defined as the ratio of filled cavities to the total number of cavities)
was measured for both sizes of cavities, with the results shown in figures
4.6c-e. The time of each assembly attempt was fixed at 5 s and the solution
composition was fixed at 10 µg/mL for the gold nanorod concentration and
0.5 mM for the NaCl concentration. The experimental filling fractions were
determined by collecting dark-field microscopy images after each experiment.
Each of the data points is the result of 5 individual measurements across
the substrate to minimise operator bias and errors associated with possible
uneven electric field distribution across the template. The error bars show the
difference in filling fractions across the five templates.

First, we focus on the influence of the applied electric field on the final
orientation of the gold nanorods. Compared to the applied electric field, the
electrolyte concentration has less effect on the orientation of gold nanorod
but does significantly determine the magnitude of the local field. Generally,
a low electrolyte concentration leads to slow EPD and more non-specific
adsorption (deposition on PMMA). High electrolyte concentrations lead to
strong screening of both the template and particle surface charges, which may
also result in low particle filling efficiencies as well as nanorod aggregation
during EPD.
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FIGURE 4.6: Filling Efficiencies during STEPD assembly. (a) A schematic
representation of the assembly settings. 200 nm and 60 nm square cavities are
both used in one template for assembly of gold nanorods. Plot of the cavity filling
fraction in large (200 nm) cavities (hollow circles), and small (60 nm) cavities (solid
squares) as a function of the electric field intensity (E) for three different sizes of
gold nanorods. (b) SEM image of gold nanorods assembled in 200 nm cavities.
Multiple gold nanorods are deposited in one cavity. (c): NR160 with average
length 160 nm and width 52 nm; (d) NR113 with average length 113 nm and width
42 nm and (e) NR95 with average length 95 nm and width 22 nm. (Gold nanorod
concentration = 10 µg/mL, salt concentration [NaCl] = 0.5 mM, temperature T =
293 K, pH = 7, aqueous phase). All error bars indicate the differences from the

mean value from five assembly replicates for each data point.
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Figures 4.6c-e show the influence of the electric field strength on the filling
fraction for three different sized gold nanorods deposited into templates with
either large (hollow circle) or small (solid square) cavities. For all three gold
nanorod samples, the width of the large cavities was larger than the length
of the gold nanorods. Hence, they could deposit with any orientation. As
reported previously, nanocrystals undergoing horizontal deposition require
a minimum “turn on” electric field, to overcome the Brownian motion of
the nanocrystal and other repulsive interactions related to the deposition.
This was also observed here for vertical deposition. The rods exhibited an
increasing “turn on” electric field of 0.75, 1, and 1.375 V/mm, for the rods of
length 160 nm, 113 nm and 95 nm respectively. Deposition in this relatively
low electric field regime resulted mostly in a random accumulation of gold
nanorods and a significant number of empty cavities. Note that smaller rods
required larger fields to initiate deposition. Because the rod widths were
fairly similar, we attribute the effect to the differences in the rod length and,
as will be shown later, it is the aspect ratio that is the important parameter.
Furthermore, in all cases, the filling fraction approached 1 for large fields over
a sharply defined range of field strengths. In the case of small cavities, the
width was just large enough to accommodate the rods if they were deposited
vertically. We observed that the turn-on field strength shifted to higher values
of 1, 1.375 and 1.75 V/mm in this case. The small cavities were found to contain
individual, vertically oriented rods, while the larger cavities were found to
contain multiple, vertically oriented rods.

The results presented here demonstrate unambiguously that during elec-
trophoresis, it is possible to control the orientation of the rod during migration
in the electric field. This makes it possible to precisely position single gold
rods in suitable cavities with controlled orientation. In order to generalise our
results, it is useful to consider what parameters affect the orientation of the
particles and the filling fraction since these are the most important practical
properties of interest.

In solution, charged colloidal particles are surrounded by a diffuse cloud of
counter-ions in which the charge density decays exponentially with distance
from the surface. Taken together, the surface charge and the diffuse cloud,
called the electric double layer (EDL), is a neutral body. Whenever an electric
field is applied, the charged particle experiences a force in one direction
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while the diffuse cloud of counter-ions experiences a force in the opposite
direction. This changes the distribution of ions around the particle and results
in polarisation of the EDL. At the continuum level, the electrophoretic velocity
is determined by the balance of the electric force and the hydrodynamic
friction on the particle and is usually proportional to the strength of the
external electric field.[4, 12] At the microscopic level, Brownian dynamics and
diffusion are also important, which explains why a minimum electric field
strength (Emin) needs to be applied before the cavities start to fill, as shown in
figures 4.6b-d. The observation that Emin increases as the rods become smaller
can similarly be rationalised by their smaller total surface charge.

To understand how the rods are able to enter the smaller cavities to form
vertical assemblies, however, we need to consider the torque that the external
electric field exerts by acting on the charge distributions present both within
the rods and near their surface. In the rest of this section, we therefore
characterise the dipoles induced inside the gold nanorods and within the EDL
and discuss their relative magnitudes and effect on the rod orientation.

According to previous reports,[13, 14] under an external electric field ~E, gold
nanorods exhibit an induced dipole moment ~pAu

~pAu = α~E (4.1)

where α is the polarisability tensor of the particle, which is determined by its
size and shape and dielectric permittivity. For simplicity, we approximate the
gold nanorod as a spheroid (a > b = c). The polarisability tensor of the rod can
be written as:

αsp = ε0V ·
εl − εm

εm + Lsp (εl − εm)
(4.2)

where the subscript sp stands for the axes of the rod (‖ for the longitudinal
axis and ⊥ for the doubly degenerate transverse axes), V is the volume of the
particle, εl and εm are the dielectric permittivity of the metal and the medium
respectively, and Lsp is the shape-dependent depolarisation factor.

Under a DC field and εl� εm, the equation 4.2 can be simplified to:
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αsp =
ε0V

Lsp

(4.3)

In addition, the depolarisation factors of the nanorod are given by:
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1− e2

e2
(−1 +

1

2e
ln

1 + e

1− e
) (4.4)

L⊥ =
1− L‖

2
(4.5)

and

e =

√
1− b2

a2
(4.6)

According to equation 4.3 to 4.6, the difference in the nanorod polarisability
tensor between the long and short axes (∆αAu = α‖ − α⊥) can be calculated,
which is mainly dependent on the volume of the particle and the aspect ratio.
Then the torque ~τ applied on a nanorod under the external electric field is
given by:

~τ = ~pAu × ~E = −∆αAu × cosθ × sinθ × E2 (4.7)

where θ is the angle between the electric field vector and the long axis of the
nanorod. This torque will drive the gold nanorods to align with the electric
field, i.e. it will rotate them towards θ = 0, with a force proportional to
the square of the applied field strength. In competition with this, Brownian
motion will act to randomise the orientation of the nanorods. For a fixed
rod size (∆αAu constant), a stronger electric field will therefore produce a
stronger torque and thus a higher probability of nanorods aligning with the
local electric field during the EPD process, which is essential during the final
stages in order for the rods to fill the narrow cavities and achieve a 100%
vertical filling fraction. Consistent with this, we find that a higher electric field
is needed to fill the small cavities than the large ones (compare the closed and
open symbols in figures 4.6b-d).
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Sample Mean Mean Aspect ∆αAu

Number Length Width Ratio (F ·m2)

NR 160 160 nm 53 nm 3.05 1.94× 10−32

NR 113 113 nm 42 nm 2.70 6.99× 10−33

NR 95 95 nm 22 nm 4.31 3.66× 10−33

TABLE 4.2: Difference in the polarisability along the long and short axes (∆αAu)
of synthesise gold rods of different aspect ratio.

In addition, according to equation 4.7 the torque is also proportional to the
difference in the polarisability along the long and short axes (∆αAu), which
suggest that nanorods with higher polarisability tensor will be easier to align.
A comparison of the polarisability tensors for three different gold nanorods
that we used in our experiment is listed in table 4.2. The polarisability tensors
calculated for our gold cores were obtained as described from equation 4.2 to
4.6. Compare figure 4.6b-d with table 4.2, nanorod NR 160, which is the one
that requires the lowest electric field to reach vertical alignment has higher
∆αAu. On the contrary, nanorod NR 95, which requires the highest electric
field to achieve vertical alignment has the lowest ∆αAu. And NR 113 sit in
the middle for both values among three nanorods samples. Such result also
matches the prediction according to equation 4.7.

4.3.3 Numeric Modelling of Gold Nanorods EPD Process

In order to further understand factors that govern the nanorod orientation
during our EPD assembly, we carried a set of numeric modelling for the
process. A simplified model was built in 2D with COMSOL Multiphysics to
explain vertical deposition of nanorods during EPD. The geometry and the key
boundary conditions were set as follow:

FIGURE 4.7: The geometry of the COMSOL simulation cell. The size of the
rectangular particle in the middle is 100 nm in length and 40 nm in width.



132 Chapter 4. Direct Assembly of Vertically Oriented, Gold Nanorod Arrays

The simulations were performed using the Electromechanics module in a
2D geometry. For the cell, the boundary at the bottom of the cavity (on the
right side of figure 4.7) was set as a Voltage Terminal with electric potential
−1.5 V; and the boundary at the top of the cell (on the left of figure 4.7) was
grounded with 0 electric potentials. The rest of the boundaries around the cell
were set as Zero Charge Boundaries. Another Prescribed Mesh Displacement
boundary condition was applied with 0 displacements to all of the boundaries
around the cell to fix the cell movement. The material inside the cell was
set as liquid water, directly from the material library in COMSOL. For the
rectangular particle, the particle domain was set as a Linear Elastic Material,
which was able to move under the influence of a field. The surface charge of
the particle boundary was set to +0.003 C/m2, which was estimated from the
measured zeta potential (+50 mV) .based on the Grahame equation. There is
also a Body load domain condition applied on the particle to account for Stokes
drag during particle movement. The material of the particle was set as Gold,
directly from the material library in COMSOL. The simulation was set to run
for 0.1 s in steps of 0.1 ms, but it automatically stopped once the particle moved
“infinitely close” to the wall, due to the mesh limit. The particle position
and 2D electric field distribution were calculated and plotted for selected time
steps.

FIGURE 4.8: COMSOL Multiphysics simulation results. Time-dependent
simulation of a single rectangular gold particle moving in water under the
influence of an electric field. A potential of −1.5 V was applied at the bottom of
the cavity, and the zeta potential of the particle was set to +50 mV. No electrolyte

is applied in the aqueous solution. (Colour bar: Electric field strength, V/m.)

This model incorporates both the electric fields and also the solution phase
dynamics of the problem and is a time-dependent simulation of a charged gold
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rod moving in water under the influence of an electric field. The model was
built with a single cavity (100 nm in width and 100 nm in depth). A −1.5
V potential was applied at the bottom of the cavity, the top and sides of the
cell were grounded, and a rectangular gold particle (100 nm in length and 40
nm in width) was placed 2 µm above the cavity. The zeta potential of the
particle was set to +50 mV, similar to the values we obtained experimentally.
The results show that under the influence of the external field, the particle
moves towards the cavity while rotating to align with the local electric field
(Figure 4.8). The substantial field gradient near the cavity allows the rod to be
guided into the cavity and ultimately deposit with a nearly vertical orientation,
consistent with what we observed experimentally. During this process, the
electric field around the particle is gradually distorted, becoming higher at
the end closest to the cavity and lower at the other end due to the electric
dipole induced within the particle (e.g. see t = 5 µs). While the presence of
electrolyte would reduce the field experienced by the rod, we expect this to
simply delay alignment until closer to the cavity where the field is enhanced
by several orders of magnitude relative to the bulk.

There are two sources of electrical polarisation that we believe happens
during EPD process of nanorods. The first is from the particle itself and arises
largely from the polarisation of the free conduction electrons in the gold metal.
The second is from the relative motion of the ions forming the diffuse double
layer around the particle. While the electron density of the metal is higher,
the potential displacement of double layer ions is larger. To compare the
polarisation of the electric double layer with the polarisation of the metallic
gold core, and to characterise its role in orienting the rods during EPD, we
used dissipative particle dynamics (DPD) simulations. The basic model used
in our DPD simulations is shown in figure 4.9. The system consists of one
positively charged rigid nanorod placed inside a box with periodic boundary
conditions in all three directions. This rod was constructed from overlapping
spheres with a fixed aspect ratio of 3 (total length/sphere diameter).[15] The
surface charge density of the rod was set to 1.2 e/nm2 (i.e. ∼0.19 C/m2), which
is close to the reported packing density of CTA+ on gold surfaces.[16, 17] (For
a discussion of the appropriate surface charge density to compare with the
experimental results, see the appendix of this chapter.) The water and ions in
the system were modelled as DPD beads with one water bead representing 4
water molecules and one ion bead representing 3 water molecules plus 1 cation
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FIGURE 4.9: Illustration of the model used in the DPD simulations. The periodic
simulation cell was filled with coarse grained water molecules (blue spheres),
cations (red spheres), anions (green spheres) and one rigid nanorod with positive
surface charges (1.2 e/nm2). The nanorod was constructed from overlapping
spheres with diameter d and had a fixed aspect ratio of 3. An electric field E
was applied across the box along the +x direction. The box length Lx = Ly = Lz

≈ 14.2 nm. The imposed external electric field (E) is along the +x direction. The
water and ions are modelled as DPD beads with one bead representing 4 water
molecules or 3 water molecules plus 1 cation or anion (i.e. the coarse-graining

degree Nm = 4).
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or anion (Figure 4.9b). The concentration of electrolyte was controlled by the
ratio of water to ion beads inside the box, and an external electric field was
applied in the +x direction. More details about the model, including how the
parameters used were converted to real units, are provided in the appendix of
this chapter.

FIGURE 4.10: (a) The coordinate system used in the DPD simulations. (b) Rod (d
= 1.4 nm) and dipole orientations in response to field strengths of E = 0 and E =
3.6 × 104 V/mm. The rod orientation is analysed with respect to the electric field
direction, while the dipole orientation is analysed with respect to the long axis
of the nanorod. When E = 0, there is no preferred rod orientation, with strong
fluctuations present due to Brownian motion, and only weak dipole fluctuations
along the long axis of the nanorod. When E = 3.6 × 104 V/mm, the rod shows
a clear preference to orient parallel to the electric field (〈|~u · ~e|〉 → 1 ), with the
distorted counter-ion cloud forming a significant dipole moment along the long
axis of the nanorod (strong peak at θ = 0, φ = 0). The dipole moment was
determined by all negative/positive charges in the double layer region around

the rod, whose thickness is defined as (σ + κ−1) with σ = 0.28 nm.

During the simulation, we found out that when a suitably large electric
field is applied, the rod spontaneously aligns with the field direction and un-
dergoes electrophoretic motion along with it, which matches our expectation
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of nanorod aliment during EPD. (A video of the results can be found in the
supporting information of our published article.[1] ) We have characterised, as
a function of field strength, the orientation of the rod along with the orientation
and magnitude of the dipole formed by distorting the counter-ion cloud (Based
on the method shown in figure 4.10). For the nanorod with a diameter of
1.4 nm at a salt concentration of 46 mM, only random Brownian motion is
observed at E = 0. At E = 0.9 × 104 V/mm, the nanorod starts to move along
the direction of the electric field (+x direction), and at E = 1.8 × 104 V/mm
the rod starts to show a preference for orienting parallel to it (〈|~u · ~e|〉 > 0.6 ),
while at E ≥ 3.6 × 104 V/mm the rod remains strongly oriented as it moves
parallel to the electric field (〈|~u · ~e|〉 > 0.8). While this field strength is 4
orders of magnitude larger than the average field in the experiments (Figure
4.6), it is only 1-2 orders of magnitude larger than the field near the cavity
in the COMSOL simulation shown in figure 4.8. In addition, the rods in
our DPD simulations are much smaller than the experimental ones due to
size limitations (about 3 orders of magnitude by volume). This means that
a proportionally larger electric field is needed to orient them, which explains
the apparent difference in field strengths, as we shall discuss in detail below.

The density profile of anions around the nanorod at E = 0 and E = 3.6 × 104

V/mm are shown in figure 4.11a and b, respectively. When there is no external
field, the anion counter-ions are evenly distributed around the surface of the
nanorod. However, at E = 3.6× 104 V/mm the counter-ions have redistributed
themselves to form a strong density gradient along the length of the rod which,
together with the charges on the rod surface, form an electric dipole that points
in the opposite direction to the applied field. Similar to the dipole induced in
the gold core, this dipole induced in the EDL can apply torque on the nanorod
and contribute to orienting it during EPD. We will refer to the electronic dipole
moment associated with the distribution of charges in the EDL as −−→pDL. Figure
4.11c shows the relationship between the nanorod orientation and the torque
applied on the nanorod due to −−→pDL. The orientation here is calculated as
〈|~u · ~e|〉, where ~u is a normalised vector pointing along the long axis of the
nanorod, ~e is a normalised vector pointing in the direction of the electric field,
and 〈〉, indicates a time average. The torque is calculated as −−→pDL × ~E, where
~E is the electric field vector and −−→pDL is the dipole moment formed in our
simulations under the influence of the electric field. Three different sizes of
nanorods were simulated (by changing the diameter), with all three exhibiting
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the same nonlinear relationship between orientation and electric field induced
torque. As the torque is increased, the average orientation of the nanorod first
changes rapidly and then asymptotes towards a configuration with the long
axis parallel to the electric field. Similar behaviour was obtained by directly
applying an explicit torque to one of the nanorods without the electric field.

FIGURE 4.11: Dissipative particle dynamics simulations of a charged nanorod in
an electrolyte solution under the influence of a DC electric field. (a, b) Density
profile of anions around the nanorod for E = 0 and 3.6 × 104 V/mm, respectively.
The concentration of 1:1 electrolyte was 46 mM. (d) The time-averaged nanorod
orientation (parallel to the field = 1) as a function of the torque applied to the
nanorod. Three different sizes of nanorod were simulated, with 1.4 nm (red
squares), 1.8 (grey spheres), and 2.1 nm (blue triangles). The applied electric field
varies from 0 to 5.4 × 104 V/mm for each nanorod. An explicit torque was also
applied to a d = 1.4 nm nanorod (black spheres) and plotted for comparison to the
other, electric-field induced, torques. (e) Plot of the normalised dipole moment
of the electric double layer as a function of the external electric field for three

different electrolyte concentrations.

In order to compare the polarisabilities of the gold core and the EDL,
and thus their relative importance for achieving vertically oriented EPD, we
investigated the relationship between E and pDL (the magnitude of the dipole
induced in the EDL). Figure 4.11d shows pDL/(LAρq) as a function of the
applied field strength for three different rod sizes and ionic strengths, where
L and A are the rod length and surface area, respectively, and ρq is the surface
charge density obtained from the simulations. As can be seen, the normalised
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EDL dipole moment is proportional to the applied electric field for all three
concentrations, independent of rod size. Hence, we propose the relationship:

pDL = α0 · LAρq · E (4.8)

where α0 is the slope of the linear fitting in figure 4.11d for a given electrolyte
concentration. For the three concentration simulated, we obtained α0 (46 mM)
= (1.92 ± 0.06) × 10−9 m/V, α0 (230 mM) = (0.89 ± 0.03) × 10−9 m/V and α0

(690 mM) = (0.25 ± 0.03) × 10−9 m/V.

We can now estimate the polarisability of the EDL in the experimental
parameter regime by using pDL = α0 · LAρq · E. Scaling up the size is
straightforward, but there is considerable uncertainty about the appropriate
surface charge density to use, given that this cannot be directly measured
experimentally. We have therefore calculated a range of possible values, with
the most likely result falling somewhere in the middle. The results using the
dimensions of our three gold nanorod samples are listed in table 4.3 together
with the polarisabilities of the gold cores ∆αAu. This means that all three αDL

values are at least comparable to, and possibly two orders of magnitude higher
than, ∆αAu and α‖, the component of ∆αAu directed along the length of the
rod. This range is consistent with previous research, in which the experimental
estimate for the polarisability of gold nanorods stabilised by CTAB was ∼30
times higher than that expected for the gold cores. This indicates that the
dipole induced in the EDL is more important than the one induced in the gold
core for orienting the nanorods parallel to the electric field during EPD. It also
suggests that with proper electrolyte concentration and surface charge density
it may be possible to use EPD to assemble vertical arrays of nanorods with
no intrinsic dipole and low intrinsic polarisability, such as PbS nanorods,[18]
polystyrene ellipsoids[2] and nano-fibrillated cellulose.[19]

Note that our simulations (COMSOL and DPD) are only a preliminary pre-
diction of the movement of charged anisotropic particles under the influence
of an electric field. For a more accurate prediction, more effects will need to be
considered including the ligand/polymer shell structure, electroosmosis, and
the electric field distribution within the experimental setup.
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Sample Mean Mean ∆αAu ∆α‖ ∆αDL

Number Length Width (F ·m2) (F ·m2) (F ·m2)

NR 160 160 nm 53 nm 1.94× 10−32 2.54× 10−32 (3.6− 215)× 10−32

NR 113 113 nm 42 nm 6.99× 10−33 9.73× 10−33 (15.4− 922)× 10−33

NR 95 95 nm 22 nm 3.66× 10−33 4.29× 10−33 (6.7− 400)× 10−33

TABLE 4.3: Polarisabilities calculated for the three nanorods used in the
experiments: values obtained for the gold core (∆αAu and ∆α‖) and the electric
double layer (∆αDL) are reported separately to allow for comparison. In the
calculation of ∆αDL, a CTAB double layer with thickness of 4 nm was taken into
account when scaling up the simulation results, as a lower limit on the thickness
of the ligand/polymer shell. The lower and upper limits for ∆αDL were obtained
at surface charge densities of 0.02 e/nm2 (i.e. ∼0.003 C/m2) and 1.2 e/nm2 (i.e.

∼0.19 C/m2), respectively.

4.3.4 Optical Properties of Single Vertical Gold Nanorod and

Large Area Vertical Gold Nanorod Arrays

The anisotropic optical properties of gold nanorods were also investigated
for vertically assembled gold nanorod arrays. Due to the vertical geometry, we
can directly observe the scattering signal of the plasma resonance of the short
axis (transverse mode) for each vertical gold nanorod.

Dark-field microscopy was used to characterise the light scattering from
the vertical gold nanorod arrays. Figure 4.12a shows a dark-field microscopy
image of an array filled with vertically oriented gold nanorods (NR113). The
template was composed of 50 × 50 nm cavities with 100 nm PMMA thickness.
The centre-to-centre distance between each row and column was 5 µm. This
spacing allowed us to observe the optical response of each individual particle
assembled since near-field optical coupling of nanocrystals is dependent on
the distance between the particles. As shown in figure 4.12a, a uniform film
was created which exhibited greenish light scattering. The green colour is due
to the scattering of light from the transverse surface plasmon mode of the gold
nanorods and indicates that the array was filled exclusively with vertically
oriented rods. Some yellow and red scatter spots were also observed which
are caused by the aggregation and misalignment of rods on the PMMA back-
ground respectively. This mis-assembly was due to the high potential applied
during the EPD process for vertical orientation, which increased the chance
of particle mis-deposition and aggregation on the surface of PMMA. Figure
4.12b shows the normalised scattering spectrum from a single vertical gold
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FIGURE 4.12: Optical properties of vertical gold nanorod arrays. (a) Dark-field
microscopy image of an array with 50 nm square cavities filled with vertically
oriented gold nanorods (Scale bar: 50 µm). (b) Corresponding single vertical
gold nanorod scattering spectrum from the array in (a) (black line) and calculated
single vertical gold nanorod scattering spectrum (Red dashed line). (c) Dark-field
microscopy image (top, scale bar: 50 µm) and digital picture (bottom, scale bar:
500 µm) of a hexagonal array consisting of vertically assembled gold nanorods
with 200 nm spacing. (d) corresponding SEM image of the hexagonal array with

52° tilted viewing angle (scale bar: 500 nm).
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nanorod measured with dark-field microscopy (black line) and also the spec-
trum simulated using the Finite Element Method as implemented in COMSOL
Multiphysics (red dashed line). Due to limitations in the detector response and
the relatively low scattering intensity of the transverse mode, the spectrum we
measured using dark-field microscopy was relatively noisy and the signal cut
off at 450 nm. The spectrum, however, still evinced a clear scattering peak at
530 nm, which is close to the transverse mode peak measured for the ensemble
using UV-Vis spectrophotometry (Figure 4.1, NR113) and to the peak in the
simulated scattering spectrum.

In order to create stronger optical contrast, a separate template was con-
structed with cavities arranged in a denser, hexagonal array with 200 nm
edge-to-edge distance. Figure 4.12c shows the dark-field microscopy image
(top) and digital picture (bottom) of this “diamond”-shaped array filled with
vertically oriented gold nanorods. Due to the higher packing density, the
dark-field microscope image exhibited a stronger green colour scattered from
the “diamond” array compared to the lower density array shown in figure
4.12a (for the scattering spectrum, see figure 4.13a). The green colour could
even be directly observed under natural daylight, with the help of a 200×
magnification digital microscope camera, as shown in figure 4.12c (bottom).
The length and width of the “diamond” array were approximately 0.2 mm and
0.1 mm respectively. Figure 4.12d and figure 4.13d-e show scanning electron
microscope images of the “diamond” arrays. From the normal viewing angle
(Figure 4.13b and c), each particle looked “round” since the short axis of the
nanorods was observed. Nearly 99% of cavities were filled with particles.
When the viewing angle was changed to 52°, the vertically oriented nanorods
were clearly visible, as shown in figure 4.12d and figure 4.13d-e. Because the
average length of the gold nanorods was generally 10∼20 nm longer than the
thickness of the PMMA, part of the gold nanorods protruded from the PMMA
surface. Note that, due to the inhomogeneous distribution of lengths and
widths of the gold nanorods in figure 4.12d and figure 4.13, “tall” and “short”
gold nanorods are observed.

EPD enables the assembly of nanocrystals on even larger scales. A 4 mm by 4
mm template was constructed on a 1 cm by 1 cm ITO-PMMA slide, consisting
of 8000 × 8000 cavities of size 60 × 60 nm with 500 nm spacing. Under a dark-
field microscope equipped with a LU Plan Fluor 100×A/0.90 Nikon lens, it



142 Chapter 4. Direct Assembly of Vertically Oriented, Gold Nanorod Arrays

FIGURE 4.13: Characterisation of hexagonal array assembled by vertical gold
nanorods. (a) Scattering spectrum of the vertical hexagonal array collected by
dark-field microscopy. (b-e) Scanning electron microscopy images of the vertical

hexagonal array at viewing angles of 0° (b, c) and 52° (d, e).
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FIGURE 4.14: Large area vertical gold nanorod arrays. (a) Dark-field microscopy
image of an array of vertically assembled gold nanorods with 500 nm spacing
(Scale bar: 10 µm) and Fast Fourier Transform (FFT) of the dark-field microscopy
image (insert). Scanning electron microscopy images of large area vertical gold
nanorod arrays with 500 nm spacing between cavities. Viewing angle: 0° for (b)

and 52° for (c).

was possible to resolve individual particles in the assembled nanorod array, as
shown in figure 4.14a. Each of the individual yellowish green dots represents
a single, vertical, gold nanorod. Uniform green scattering over the array
indicates large-scale control of the orientational order. More than 99% of the
cavities were filled with a single vertical gold nanorod, with a small number
of aggregates evident as bright, yellow dots, and a few empty cavities visible
as dark voids. The inset in figure 4.14a is a Fast Fourier Transfer (FFT) of the
dark-field image. The clear, isolated spots provide evidence for the large scale
square ordering of the particles. Figure 4.14b and c are SEM characterisations
of the 4 mm by 4 mm vertical gold nanorod array. It is clear to see that a
clean single "round" shape array is observed in normal viewing angle (Figure
4.14b). While we tile the viewing angle to 52° (Figure 4.14c), we can clearly see
a "pillar" like particle, which indicate the vertically assembled nanorod arrays.

To further characterise the optical properties of such large-area, vertical
gold nanorod arrays, an experiment was designed to measure the scattering
of light through the array. A photo of the experimental setup is shown in
figure 4.2, with a schematic shown in figure 4.15a to illustrate the measure-
ment. A deuterium-halogen light source was used as a white incident light to
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FIGURE 4.15: Optical property of large area vertical gold nanorod arrays. (a) A
schematic of the measurement setup used to collect the scattered light spectrum
from the vertical gold nanorod array. (b) Digital pictures of the 4 mm × 4 mm
vertical gold nanorod array at different viewing angles from 110° (left) to 70°
(right). (c) Normalised refracted light spectra of a vertical gold nanorod array

for different collection angles.
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illuminate the vertical arrays. The light source was channelled by an optical
fibre and was incident from the side of the template slide. As the white
light propagated through the square array from one edge to the other, the
incident light refracted above the array was detected by another optical fibre
connected to a spectrometer. The spectrum was measured at a set of fixed
angles between the detector fibre and the incident light. The angle dependent
spectra are shown in figure 4.15c along with pictures (Figure 4.15b) taken at
the corresponding angles. The spectrum of colours from red to green and blue
were observed across the entire arrays as the viewing angle was altered from
70° to 110°. The collected spectra of the scattered light are consistent with the
colour we observed by eye, with the peak shifting from approximately 680 nm
(red) to 530 nm (green) to 450 nm (blue) as the angle was changed from 70° to
90° to 110°. At 80° and 100°, in figure 4.15b, we observed a mixture of colours
across the array. At 80°, the array exhibited green-yellow-red colours from
the top of the array (the side of the light incident) to the bottom. Similarly,
at 100° the array exhibited blue-cyan-green colours in the same order. This
phenomenon is caused by a difference in the viewing angle across the array.
The angle was larger at the edge of the array where the light was incident and
smaller at the opposite edge of the array. Those mixtures of colours are also
reflected in the spectra we measured at those two angles, shown in figure 4.15c.
At 80°, a broad peak was observed from 520 nm to 660 nm, which corresponds
to colours ranging from green to red; and at 100°, a broad peak was observed
from 440 nm to 550 nm, which covers the colours from blue to green. In
addition, in the spectra measured at 80°, 90°, and 100°, there is a side peak
at approximately 530 nm that is angle independent. This peak is attributed to
scattering from the transverse plasmonic resonance of the gold nanorods. In
the absence of the gold rods, only a very weak scattered beam was observed
due to the diffraction of light from the empty cavities.

4.4 Summary

In this chapter, we have explored and demonstrated that electrophoretic
deposition can be used to assemble large arrays of vertically oriented nanorods
with precise control of position at the single particle level. By using box cav-
ities with the appropriate size, gold nanorods can be oriented and deposited
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vertically on the patterned PMMA-ITO substrate. The resulting vertical array
allows us to explore the plasmonic and optical properties of such unique
structures from the nanoscale right up to millimetre length scales. The key
factor that controls the orientation of the nanorods (which have no permanent
dipole) is the magnitude of the dipole induced along the rod axis by the
external electric field. Both the polarisability of the gold core and the polaris-
ability of the electric double layer can contribute to the induced dipole. While
both of these contributions exhibit trends that correlate with the experimental
results, our analysis suggests that polarisability of the electrical double layer
(EDL) is the dominant effect in our case. This implies that it should be
possible to use our STEPD method to assemble vertical nanorod arrays using
a wide range of materials (including ones that do not have strong intrinsic
dipoles or polarisability), as long as the surface charge of the nanorods and
the polarisability of the EDL can be sufficiently enhanced. This would greatly
extend the practical value of STEPD assembly in nanomaterials fabrication
and associated technologies. On the other hand, this chapter provides strong
theoretical support and fundamental understanding for the STEPD assembly
of single nanocrystal arrays that we developed in this thesis. As we suggested
in the beginning of this chapter, a vertically landing altitude during nanorod
assembly is the key step to achieve a nearly perfect, template controlled,
horizontal nanorod alignment during STEPD assembly. At this point, we
can conclude a basic process of our STEPD assembly as follow: (1) Charged
nanocrystals in the solution migrate towards the surface of the electrode under
the influence of an electric field. (2) The electric field contrast on the surface
of patterned template guides the nanocrystals deposited onto the designed
spot. (3) For the nanocrystals with anisotropic geometry (i.e. rods), they
will experience a vertical landing altitude during the deposition step due to
electrical induced dipole moment. (4) Nanocrystals finally settled with the
orientation of cavities for further electric field attraction. This process points
out the key steps for us to better control our assembly.

4.5 Appendix

Dissipative Particle Dynamics (DPD) Simulation Details
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Modelii

FIGURE 4.16: DPD simulation model in our experiment.

Figure 4.16 shows a typical simulation box used in this chapter.[20–22] All
DPD beads i and j interact with each other via a conservative force ~FC

ij , a
dissipative force ~FD

ij and a random force ~FR
ij given by:

~FC
ij = A(1− rij

rc
)~eij rij < rc (4.9)

~FD
ij = −γ(1− rij

rc
)2(~eij · ~vij)~eij rij < rc (4.10)

~FR
ij = ξ(1− rij

rc
)θij(∆t)

− 1
2~eij rij < rc (4.11)

Here, A is the conservative force constant, rij = |~rij| is the centre-to-centre
distance between two beads, ~eij = ~rij/rij is the direction vector pointing
between the two beads, γ is the dissipative force constant, vij is the vector
difference in velocities between the two beads, ξ =

√
(2kBTγ)is the noise

strength with kB the Boltzmann constant and T the temperature, θij is a
Gaussian white noise variable with θij = θji, and ∆t is the simulation time
step. All three forces vanish when rij ≥ rc with rc the cut-off distance.

The electrostatic interaction between charged beads (i.e. ionic beads) is
described by the smeared-charge Columbic potential,[21, 22] which is given
by:

iiSpecial thanks to Dr. Yawei Liu and Dr. Asaph Widmer-Cooper for their support in DPD
simulation
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U col
ion−ion(rij) =

Γzizj

4πrij
[1− (1 +

rij
λ

)e−
2rij
λ ] (4.12)

Here, Γ is the permittivity coupling parameter defined as Γ = e2/((ε0εr)), in
which e is the electron charge, ε0 is the dielectric constant for vacuum, and εr

is the relative permittivity of the medium. zi(zj) is the valence of bead i (bead
j), and λ is the effective smearing length, which determines the charge density
distribution defined as ρ(r) = (q/(πλ3))exp(−2r/λ) where the charge of bead
q = ze.

In our simulations, the dimensionless form was used and all the units were
scaled by the DPD bead mass m, the cutoff radius rc, the energy unit kBT ,
the time unit τ = rc

√
(m/(kBT )), and the charge unit e. Hence, r∗c = m∗ =

(kBT )∗ = τ ∗ = e∗ = 1. The superscript asterisk means the quantity is in
reduced units. For all DPD beads, the force constants were fixed at A∗ =

25, and γ∗ = 100. The simulation time step was set to be ∆t∗ = 0.005. The
reduced units can be converted to real units via the following relations: rc =

0.71 nm, m = 1.2 × 10−25 kg, kBT = 4.1 × 10−21 J, τ = 4 ps and e = 1.6
× 10−19 C. Converting units, the DPD solvent at a reduced number density
ρ∗ = 3 approximately reproduces the thermodynamic properties of bulk water
including the density, the compressibility and the viscosity. For example, the
kinematic viscosity of the DPD solvent (v = 2.07 × 10−7 m2/s) is close to that
of real water at T = 25 ◦C (8.90 × 10−7 m2/s). For the ionic beads, q∗ = 1 for
cations and q∗ = −1 for anions, and Γ∗ = e2/(ε0εrkBTrc) = 12.65 for water at
T = 25 ◦C (εr = 78.3).

The gold nanorod is modelled as a positively charged rigid body with a
neutral core and charged beads uniformly distributed on the surface. These
charges account for the cationic surfactant CTAB molecules, bound to the
rod surface. The hard core is a linear chain of N overlapping hard beads
of diameter d with their centres distributed uniformly on a line segment.
The distance between these consecutive beads is fixed at ∆l ∼ 0.5rc, so
the total length L = (N − 1)∆l + d, and the corresponding aspect ratio
p = L/d. The interactions between rod beads and water/ionic beads have
several components. First, the core beads interact with the water/ionic beads
via a modified Mie potential with exponents (50, 49) (i.e. a pseudo-hard-core
interaction)[22] given by:
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UMie(rij) = 50(
50

49
)49ε[(

σ

rij −∆
)50 − (

σ

rij −∆
)49] + ε rij <

50

49
σ + ∆ (4.13)

with σ the distance parameter and ε the strength parameter. The potential is
shifted by a distance ∆ = d/2− rc so that it becomes a function of the distance
from the rod surface and is unchanged when rods are of different sizes.
Second, to control the slip boundary condition at the rod-liquid interface, we
employed a pairwise friction force (~F F

ij ) that depends on the relative velocity
between core beads and water/ionic beads, which is given by:

~F F
ij = −γlsωijνij rij < δ + 0.5d with ωij = (1− rij − 0.5d

δ
) (4.14)

with γls the friction constant and δ the thickness of the region around the
rod surface in which the friction force acts.[23] Additionally, a random force
obeying the fluctuation-dissipation theorem is required to ensure the correct
equilibrium statistics, i.e. ~FR

ij =
√

(2kBTγlsωij)θij(∆t)
−1/2~̂vij with ~̂vij is the

direction vector of ~vij Third, the charged beads on the rod surface interact with
the ionic beads via the smeared-charge Columbic potential given by equation
4.13. During the simulations, σ∗ = ε∗ = 1 for the Mie potential to achieve a
good approximation to the hard-core potential, and we set γ∗ls = 3.33 for the
surface friction in order to impose a non-slip boundary condition at the rod-
liquid interface.

Simulation Method

In all simulations, periodic boundary conditions were imposed in all three
directions. Three sizes of rods were studied with diameters d = 1.4, 1.8, 2.1 nm
and with the aspect ratio fixed at p ∼ 3. The total number of water/ionic
beads was ∼24,000 to maintain the liquid density at ρ = 997 kg/m3. The
number of cation and anion beads was chosen to ensure the neutrality of the
entire system and depended on the ionic concentration (c) as well as the total
surface charge on the rod. In the simulations of electrophoresis, an external
electric field was imposed along the +x direction that acted on all charged
beads. Note that the electric force on the rod beads depended on the average
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surface charge on each rod bead. All simulations were carried out by using
the parallel software package LAMMPS.[24] For the electrostatic interaction,
at short range the interaction at r∗ij < 4 was explicitly calculated by equation
4.13, while at long range the electrostatic interaction of smeared charges re-
duced to the Coulombic potential and the standard Ewald summation[22] was
used to account for the periodic boundary conditions. The temperature was
maintained at T = 298 K. The velocity-Verlet algorithm with a time step of
∆t = 20 fs was used to integrate the equations of motion. All simulations were
run for ∼ 120 ns to obtain good statistics.

Surface Charge Density of Gold Rods

FIGURE 4.17: The number density profile of ions (left) and the average
electrostatic potential (right) near a flat charged surface with ρq = 1.2 qe/nm2

at NaCl concentrations of (a) c = 46 mM (b) c = 230 mM and (c) c = 690 mM.
The gold block represents the solid substrate. The green and grey vertical dashed
lines indicate the position of the outer boundary of the absorbed layer (h = σ ∼
0.28 nm) and the position at (κ−1 + σ). The potentials at the surface (h = 0) and
at h = σ have been indicated in orange and green, respectively. The black dashed
line is the line of best fit for the electrostatic potential in the diffuse layer using
Ψ = Ψ0exp[−κ(h− σ)] + Ψ∞ with fitting parameters Ψ0 and Ψ∞. The inset in (a)

shows the flat charged substrate used in the simulations.
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In our simulations, all charged beads on the rod surface have equal charge,
and the average surface charge density of the rod was set to ρq ∼ 1.2 e/nm2

with the area A = πd(d + L). This value of ρq is very close to the packing
density of CTA+ on gold surfaces obtained from all atom molecular dynamics
simulations[16, 17] and experimental measurements.[25, 26] To compare the
surface properties of this model with that of gold rods in our experiments,
we studied a salt solution near a flat substrate with the same surface charge
density. Figure 4.17 gives the ion density profiles and the electrostatic potential
profiles near the substrate at different salt concentrations. The electrostatic po-
tential was calculated by solving the Poisson equation based on the ion density
profile. We can see that there exists an obvious adsorbed layer of anions near
the solid surface, in which the electrostatic potential drops significantly. The
region beyond this adsorbed layer can be treated as a diffuse layer, in which
the electrostatic potential can be approximated by the Poisson–Boltzmann
equation.

In experiments, the surface charge density can be roughly estimated by the
simplified Grahame equation, i.e., the surface charge density ρq = ε0εrζ/κ

−1.
Here, ζ is the zeta potential, κ−1 is the Debye screening length given by
κ−1 = (4πlbΣρjz

2
j )−1/2, with ρj is the number density of the ionic species with

valency zj and the Bjerrum length lb = e2/(4πε0εrkBT ). In our experiments,
the ζ potential of the gold rods is ∼ 50 mV, leading to a surface charge density
of ∼ 0.02 e/nm2 (i.e. ∼ 0.003 C/m2). This estimation based on the ζ potential
is much lower than that based on the ligand packing density (i.e. ∼1.2 e/nm2).
This significant discrepancy was also reported in the experimental work by
Kumal et al..[27] The authors determined the surface charge density of 50 nm
colloidal gold nanocrystals functionalised with mercaptosuccinic acid (MSA)
in water, and found that the measured surface charge density is much lower
than that estimated from the ligand packing density. The discrepancy could
be explained by several factors: (i) the measured surface charge density (e.g.
calculated based on the ζ potential) represents the effective value at the slip
plane, i.e. somewhere in the diffuse layer, and should therefore be lower than
the surface charge density on the rod surface; (ii) the rod is not fully covered
by the ligands; (iii) the ligands are not fully charged; (iv) adsorbed counter-
ions may be present on the gold rod surface before additional electrolyte
is added; (v) the simplified Grahame equation is valid for a charged flat
surface at low potential and will underestimate the surface charge density for
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a curved surface. Similar explanations for the low surface charge density on
gold surfaces covered in self-assembled monolayers of mercaptoundecanoic
acid were given by Kane and Mulvaney.[28] They attributed the lower zeta
potentials and charge densities to both strong sodium ion binding and lower
intrinsic pKa values for carboxylic acid groups in the monolayer. Given these
uncertainties, we conclude that the experimental surface charge density for
our gold rods will lie somewhere in the range of 0.02 − 1.2 e/nm2.
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Chapter 5

Universal Direct Assembly for
Single Nanocrystal Arrays

The third research question we proposed in this thesis is: "3. Can STEPD
be applied to a range of sizes and shapes of different nanocrystals?" In this
chapter,i we present our STEPD method as a potential universal assembly
method for most of charged nanocrystals. We demonstrate that gold nanocrys-
tals with different shapes and sizes, magnetic nanocrystals, organic fluorescent
nanoparticles and semiconductor quantum dots can all be assembled via the
electrophoretic deposition assembly method. We find there is a lower size
limit for particles diametre < 20 nm is due to low nanocrystal surface charge
and stronger Brownian motion (low Péclet number). We show this limit can
be overcome by forming a cluster of nanocrystals or by silica coating smaller
nanocrystals to increase their effective size.These methods would also allow
effective directed assembly of single molecules.

iThis chapter is constructed based on our manuscript : Heyou Zhang, Yawei Liu, Arun
Ashokan, Can Gao, Yue Dong, Calum Kinnear, Nicholas Kirkwood, Samantha Zaman,
Fatemeh Maasoumi, Timothy D. James, Asaph Widmer-Cooper, Ann Roberts, and Paul
Mulvaney, "Universal Direct Assembly Method for Single Nanocrystal Arrays", Advanced
Optical Materials, Submitted, 2021.
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5.1 Introduction

A fundamental challenge here is developing a method capable of integrating
colloidal synthesised nanocrystals directly onto a solid substrate in precise
locations and orientations. Directed assembly of nanocrystals has emerged
as one of the most promising methods to enable integration of nanoscale
materials into device architectures.[1–3]

The STPED method we introduced in this thesis is based on the conventional
electrophoresis of charged nanocrystals under the influence of an applied
electric field.[4–6] However, deposition is carried out using a nanoscale, pre-
patterned, conducting substrate. The primary requirement for successful
single nanocrystal deposition is that the particles be uniformly charged. How-
ever, monodispersity is also important because electrophoretic forces are size-
dependent and deposition will favour those particles in a nanocrystal solution
with the highest electrophoretic mobility. Electrophoresis is also easier to carry
out in solvents of high dielectric constant. In principle, STEPD can be applied
to all kinds of nanocrystals, provided they have a well-defined shape and size
and can sustain a well-defined surface charge.[7]

In early reports of EPD, thin films of particles such as cadmium selenide
(CdSe),[8–10] carbon nanomaterials[11, 12] or metal oxides[13–15] were cre-
ated by continuous EPD. In contrast the focus here is on deposition and
positioning of single nanocrystals. To date, there have been few studies of
nanocrystal assembly at the single particle level with the pioneering work
by Wolf and colleagues[16, 17] as well as studies on polystyrene particle
deposition being exceptions.[18–21]

In this chapter we demonstrate the universality of STEPD using different
types of nanocrystals. Gold nanocrystals with different shapes and sizes,
magnetic nanocrystals, organic fluorescent nanoparticles and semiconductor
quantum dots are investigated. Square arrays are used for their ease of analysis
but the process can be applied to form arbitrary 2D patterns. We also discuss
the effect of particle size during STEPD assembly and propose two approaches
to overcome the lower particle size limit.



5.2. Experimental Methods 159

5.2 Experimental Methods

5.2.1 Synthesis of Nanoparticles Used in This Chapter

Gold Nanorods. Gold nanorods were synthesised based on the reported
binary surfactant method.[22] The resulting gold nanorods were washed to
remove excess CTAB by centrifugation at 2000 rcf for 10 min. Then, the
precipitated gold nanorods were dispersed in water resulting a concentration
of 50 µg/mL. To overcoat the gold nanorod with pDADMAC, 2 mL of washed
gold nanorod were mixed with 1 mL, 10 mM NaCl solution under mild
stirring. In the mean time, 2 mL of 1% polystyrene sulfonate (PSS) solution was
mixed with 1 mL, 10 mM NaCl solution under mild stirring as well. After that,
gold nanorod mixture was added to the PSS mixture drop wise under vigorous
stirring (forming a vortex). After 5 min, the solution was left undisturbed for
more than 30 min followed by centrifuge at 1500 rcf, for 10 min to remove
excess PSS. The precipitated gold nanorod then redispersed in 2 mL water. The
same step is repeated but replacing PSS to 1% Poly(diallyldimethylammonium
chloride) (pDADMAC).

Gold Nanocubes. Gold nanocubes were synthesised based on the previous
report.[23] The resulting gold nanocubes were washed to remove excess CTBA
by centrifugation at 2500 rcf for 5 min. The pDADMAC coating step is the same
as describe above in gold nanorod section.

Gold Nano-octahedra. Gold nano-octahedra were synthesis based on the
previous report.[24] The gold nano-octahedra were synthesised with pDAD-
MAC coating, so no further coating step is required.

Gold Nanospheres. Gold nanospheres with different sizes were synthesised
using published procedures.[25] The resulting gold nanospheres were coated
by pDADMAC using the same steps described for gold nanorods. However,
because the synthesised gold nanospheres are stabilised by negatively charged
trisodium citrate, we do not need the PSS coating step.

Fe3O4 Nanocrystals. Fe3O4 nanocrystals were synthesis based on the
previous report.[26] The Fe3O4 nanocrystals were synthesised with
Poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA) coating, and resulting a
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FIGURE 5.1: TEM characterisation of gold nanocrystals. (a) Rods. (b) Cubes.
(c) Octahedrons.(d) Spheres with average diameter of 116 nm. (e) Shperes with

average diameter of 66 nm. (f) Spheres with average diameter of 38 nm.

negative zeta potential of ζ = −52.2 mV ± 1.2 mV. They were further coated
by pDADMAC based on the steps described above in gold nanorod section.
The final pDADMAC coated Fe3O4 nanocrystals have zeta potential of
ζ = +60.4 mV ± 0.8 mV.

BPEA Organic Nanocrystals. BPEA organic nanocrystals were synthesised
based on literature procedures.[27] Briefly, BPEA in tetrahydrofuran (THF)
(1 mM, 1 mL) was added dropwise into 6 mL of 10 mM sodium dodecyl
sulfate (SDS) aqueous solution. The mixture was stirred vigorously at room
temperature for 10 minutes and aging overnight. The resulting solution was
washed by centrifuging at 5000 rcf for 20 mins three times and redispersed in
5 mL water.

Quantum Dots. Red, orange, yellow and green quantum dots were
synthesised using standard protocols.[28] The final nanocrystals were
CdSe/CdS/ZnS core-shell nanocrystals with tunable CdSe core sizes. Violet
and cyan emitting quantum dots were synthesised via second published
protocol.[29, 30] They are CdZnS/ZnS core-shell nanocrystals with controlled
Cd to Zn ratios for tuning the PL wavelength.
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Quantum Dots Phase Transfer and Polymer Coating. Phase transfer of
QDs: Synthesised QDs were phase transferred by adopting a procedure as
reported.[31] QD solution were precipitated with anti-solvent (methanol or
acetone based on the QD solution), centrifuged at 3000 rcf to remove the
solvent. Then QDs were redispersed in 10 mL of hexane. 0.2 g KOH along
with 0.607 g of 11-mercaptoundecanoic acid (MUA) was dissolved in 10 mL
of methanol. Two solutions were mixed together and stirred overnight. After
the phase transfer, the colourless hexane phase was separated from methanol
phase and QD was precipitated during the phase transfer. To separate the
QDs, the methanol phase was centrifuged. The precipitate was redispersed in
0.1 M KOH. The solution was washed again with chloroform three times and
redispersed in water before further use (QD-MUA). Polymer coating of QDs:
The concentration of QDs in aqueous phase was firstly determined by taking
its absorption spectrum and calculated based on previous report.[32] Then, 2
mL of QD-MUA with known QD concentration was diluted to 10 mL with
water and then centrifuged at 14000 rcf for 20 min to remove excess MUA in
solution. The precipitates was redispersed to 2 mL of water and then mixed
with 1 mL, 2 mM NaCl solution. In the mean time, 2 mL of 1% pDADMAC
solution was mixed with 1 mL, 2 mM NaCl solution under mild stirring as
well. Then, the mixture with QD-MUA was added in the pDADMAC mixture
drop wise under vigorous stirring (Form a vortex). The solution is kept under
vigorous stirring for 5 min and the solution was left undisturbed for more than
1 hour. After that, the solution was centrifuged at 11000 rcf for 5 min to remove
excess pDADMAC and redispersed in 2 mL water further use.

Silica Coating on Quantum Dots. The procedure for silica coating on
CdSe based QDs is adopted from the previous report with modifications.[33]
Briefly, 1.3 mL of Igepal 520 was added to 10 mL of cyclohexane and stirred
for 15 minutes. 1 mL of 5 mg/mL quantum dots, 80 µL of tetraethoxysilane
(TEOS) and 150 µL 25% ammonia were added respectively with a 15 minutes
stirring period in between each addition. After the completion of the additions,
the solutions were stored in the dark for a period of time (24 hours). The
precipitate was collected by adding ethanol and centrifuging the solution and
then washing with ethanol. The nanocrystals were finally redispersed in water
and over coated with pDADMAC based on steps in gold nanorod section.
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5.2.2 ITO-PMMA Template Patterning

FIGURE 5.2: Image of the array template design used for STEPD assembly of
nanoparticle arrays. The array area (coloured in black) contains box cavities with
size from 30 nm to 310 nm with 20 nm steps, in addition of 500 nm, 2000 nm size
cavities. The left row of arrays are 60 × 60 arrays with 5 µm spacing and the
right row of arrays are 15 × 15 arrays with 20 µm spacing. The total array area is
calculated to be ≈ 1.83 × 10−8 m2. There are 6 bars (coloured in red) with size 100
µm × 1 mm is used for locating array areas. They were normally covered outside

the EPD chamber during assembly.

Template Patterning and STEPD Cell assembly. The template patterning
and STEPD cell assembly were proceed based on previously described in
chapter 2.[34, 35] Differently, during the template patterning, in order to
assemble nanocrystals with different sizes, the patterns on this template were
designed with arrays of box cavities with size from 30 nm, 50 nm to 310 nm
(20 nm steps) and two more arrays with cavity size of 500 nm and 2000 nm
(Figure 5.2). The centre to centre distance for each cavity is set to be 5 µm.
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For EPD assembly, the NaCl concentration and EPD time are fixed to be 0.5
mM and 10 s for all nanocrystals. The applied potential is varied accordingly
from |3| V to |4| V . Note that, due to the lower stability of QDs after EPD and
exposed in moist air, the fluorescence of QD array may quench in a few hours
after assembly.

5.3 Result and Discussion

5.3.1 Assembly of Different Gold Nanocrystals Arrays

The Experimental Section describes the process of template preparation
using EBL. Figure 5.3 shows SEM images of gold nanocrystals with different
shapes (a-c) and gold nanospheres with different sizes (d-f). Each figure shows
a 3 × 3 single particle array with 5 µm particle to particle distance. A high
magnification inset in each figure shows the shape or size of gold nanocrystals
in the array. SEM confirms that single nanocrystals are deposited in each case.

FIGURE 5.3: Scanning electron microscopy images of different gold nanocrystal
arrays. (a) gold nanorods, (b) gold nanocubes and (c) gold nano-octahedra. Gold
spheres with diameters of: (d) 116 nm, (e) 66 nm and (f) 38 nm. (Scale bar: 2 µm)

In figure 5.3a, we used a template with rectangular cavities (with lengths
of 120 nm and widths of 60 nm) to assemble gold nanorods (with average
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FIGURE 5.4: SEM characterisation of a 5 × 5 arrays of gold nanocubes.

lengths of 110 nm and widths of 50 nm) into arrays. The final orientation
of the individual rods is controlled by the orientation of the template. Gold
nanocubes (with average lengths of 44 nm) can also be assembled into an array
of square cavities (with lateral dimensions of 50 nm). In figure 5.3b and figure
5.4, we show that the gold nanocubes are deposited in the same orientation
which matches the orientation of the square cavities. Therefore, we believe
that the orientation of gold nanocubes after EPD assembly is also controlled
by the orientation of the square cavities on the template. The cavities are only
6 nm larger than the mean cube diameter, which prevents deposition at an
angle within the cavities. Despite the small size mismatch, deposition is highly
efficient. Gold nanooctahedra (with average diameters of 110 nm)were also
deposited onto a template with square cavities (with diameters of 130 nm).
This results in single particle arrays as expected (Figure 5.3c). However, we
did not find any preferred orientation for the gold nano-octahedra. The inset
to figure 5.3c shows a single, hexagonal shaped particle which is one of the
projections of the octahedron. Other projections of the octahedron, such as
square and rhombus, were also observed as shown in figure 5.5.
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FIGURE 5.5: SEM characterisation of a 5 × 5 arrays of gold nano octahedrons.
Three different octahedron projection are illustrated.

Gold nanospheres of various sizes can be assembled into single nanocrystal
arrays as shown in figure 5.3d-f. We used gold nanospheres (with an average
diameters of 116 nm, 66 nm and 38 nm). Three templates with corresponding
square cavities (with sizes of 130 nm, 70 nm and 50 nm) were used with the
corresponding gold nanosphere solutions. Cavities were filled with only one
particle, since the size of each cavity is only slightly larger than the average size
of the nanospheres. It is worth noting that the STEPD conditions that during
the assembly of the three different sizes of gold nanospheres, the solution
conditions were generally the same (i.e. c(NaCl) = 0.5 mM, t = 10 s). But
we used a different applied DC potential, Φ, during assembly. Specifically, −3
V was applied for the assembly of 116 nm gold nanospheres, −3.5 V for the
assembly of 66 nm gold nanospheres, and −4 V for the assembly of 38 nm
gold nanospheres.
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5.3.2 Assembly of Magnetic Iron Oxide and Organic BPEA

Nanoparticles

It is useful to test whether STEPD works as effectively for non-metallic
particles. Metal oxide nanocrystals and organic nanocrystals were also used to
test the versatility of the method. We prepared magnetite nanocrystals (Fe3O4).
Figure 5.6a shows a dark field scattering image collected from an assembled
array of Fe3O4 nanocrystals. comprising 60 × 60 single nanocrystals. Due to
the 5 µm particle to particle distance, we can directly observe the Rayleigh
scattering from each individual particle through a dark field microscope. We
found that the scattered light from magnetite nanocrystals exhibits a uniform
yellowish colour. The colour results from the direct scattering of the light
from the halogen lamp for a particle size ≈ 200 nm (Figure 5.6b). Atomic
force microscopy (AFM) and magnetic force microscopy (MFM) were used to
further characterise the magnetic properties of the Fe3O4 nanocrystal arrays
as shown in figure 5.6c and d. Figure 5.6c is an AFM topography image
of a 3 × 3 section of the Fe3O4 nanocrystal array from figure 5.6a. The
template had a PMMA thickness of 100 nm and square cavity size of 210 nm.
Therefore, the magnetite particles protrude > 80 nm above the PMMA layer
and can be readily imaged by AFM. Figure 5.6d shows an MFM image for
the same area from figure 5.6c. The MFM cantilever was magnetised using a
neodymium magnet. For MFM measurements, the cantilever was raised 30
nm compared to the previous topography mode for recording the magnetic
interaction between the Fe3O4 nanocrystals and the cantilever tip. Comparing
figure 5.6c and d, a magnetic attraction is detected at every spot where a Fe3O4

nanocrystal is located, due to interaction with the superparamagnetic Fe3O4

nanocrystals.

To demonstrate STEPD assembly of organic fluorescent nanoparticles, we
prepared aggregates of 9,10-bis(phenyl-ethynyl) anthracene (BPEA) as our
target, whose molecular structure is shown in figure 5.6g. BPEA is a commonly
used, fluorescent anthracene derivative, which can be easily prepared in the
form of nanoparticles in aqueous solution.[27] The BPEA aqueous colloid is
stabilised by sodium dodecyl sulfate (SDS) and displays a zeta potential ζ =

−48.2 mV ± 2.1 mV and diameter D = 117 nm (measured by Dynamic Light
Scattering (DLS)). In addition, the BPEA fluorescence allows us to to image
the particles using a modified wide-field microscope. In the case of the BPEA
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FIGURE 5.6: EPD assembly of Fe3O4 magnetic nanocrystals and fluorescent
organic nanocrystals. (a) DFM image of Fe3O4 nanocrystal arrays. (Scale
bar: 50 µm) (b) TEM image of Fe3O4 nanocrystals. (Scale bar: 200 nm) (c)
AFM topography of the Fe3O4 nanocrystal arrays (Scale bar: 5 µm) and (d)
corresponding magnetic force microscope (MFM) image over the same region as
(c) (Scale bar: 5 µm). (e) WFM image of the 9,10-bis(phenylethynyl) anthracene
(BPEA) nanocrystal array. (Scale bar: 50 µm) (f) TEM image of the BPEA
nanoparticles prepared in aqueous solution. (Scale bar: 200 nm) (g) Molecular
structure of the BPEA monomer. (h) Emission spectrum of the BPEA nanoparticles
in aqueous solution (Red) and in a single cavity of the array shown in (e) (Black).

organic nanoparticle array, we used a blue laser at 375 nm as the excitation
source and a 500 nm long pass filter when capturing the fluorescence. A typical
fluorescence microscope image of the BPEA array is shown in figure 5.6e. As
with the arrays discussed above, we designed the particle-to-particle distance
to be 5 µm in order to be able to visualise each particle under the microscope.
Because the average size of the BPEA nanoparticles is 117 nm (Figure 5.6f), we
used a template with cavity sizes of 130 nm. After STEPD, a clear and uniform
green emitting array was observed which indicates the deposition of BPEA
nanoparticles. However, we can also clearly see that there are some missing
spots in the array where no fluorescence is observed. We believe this is caused
by (1) aggregation of BPEA particles within one cavity leading to fluorescence
quenching, (2) BPEA quenching due to electric field induced charging, or
(3) incomplete deposition of BPEA nanoparticles. The emission spectrum of
BPEA nanoparticles in aqueous solution (Red) together with the single particle
emission spectrum (Black) are shown in figure 5.6h. Both spectra evince a
strong emission peak at 525 nm which corresponds to the observed green
colour. Furthermore, both spectra also exhibit the signature shoulder peak
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of the BPEA nanoparticle[36] around 570 nm to 620 nm. This shows that the
BPEA nanoparticles have been successfully deposited into the array via the
STEPD. However, compared to the BPEA nanoparticles in aqueous solution,
the deposited BPEA particle spectrum shows a small red shift which may be
due to the changing polarity within the cavity.

5.3.3 Assembly of CdSe Based Quantum Dots

Of greater interest is the STEPD assembly of semiconductor nanocrystals or
QDs. A well-ordered array of semiconductor nanocrystals is not only a strong
support for studying the fundamental properties of single semiconductor
nanocrystals, but it also allows transfer of semiconductor nanocrystals into
advanced applications such as fluorescent biosensor or optical logic circuits
etc. Here, we selected CdSe/CdS/ZnS quantum dots as our assembly target
due to their high quantum yield and photostability.[28] Phase transfer of
the QDs from their native organic solvent (hexane) to water was achieved
by ligand exchange with 11-mercaptoundecanoic acid (MUA) (Figure 5.7a).
There was a negligible PL shift following phase transfer and minor loss of PL
intensity (Figure 5.7b). However, despite varying the experimental parameters
considerably, we were unable to find deposition conditions that would enable
large scale, uniform STEPD of single QDs.

Because the QDs simply cannot be made any larger without changing their
optical properties, we used another approach to increase the effective size of
the QDs - collecting multiple QDs within a polymer shell to form a cluster
of with a larger hydrodynamic size. The basic coating procedure is shown in
figure 5.7a. We used a positively charged polyelectrolyte, pDADMAC, to coat
the negatively charged QD-MUA nanocrystals.[37] The size of the pDADMAC
coated QDs (QD-MUA-pDADMAC) was measured to be 85 nm ± 10 nm by
DLS and the zeta potential was measured to be +42.5 mV ± 2.4 mV. With the
same coating procedure, the final size of the QD clusters can be controlled
by tuning the QD-MUA concentrations during coating as shown in figure
5.7c. Following pDADMAC coating, there is a small red shift of the emission
spectrum (from 611 nm to 619 nm) due to QD aggregation within the polymer
shell as shown in figure 5.7d. However, the increase in hydrodynamic size after
polymer coating facilitates STEPD assembly. Figure 5.7e presents a set of wide
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FIGURE 5.7: The results of STEPD assembly of polymer coated QD clusters.
(a) Process of QD phase transfer and pDADMAC polymer coating. The phase
transfer process was carried out by ligand exchange with mercaptoundecanoic
acid (MUA). The QD-MUA results in a zeta potential of −82.3 mV ± 1.8 mV
(0.5 mM NaCl), and DLS ≈ 9 nm ± 2 nm in diameter. The QD-MUA was
then coated with pDADMAC (QD-MUA-pDADMAC) which results in a positive
zeta potential of +42.5 mV ± 2.4 mV (0.5 mM NaCl), and DLS ≈ 85 nm ± 10
nm in diameter. (b) Emission spectra before (black) and after (red) pDADMAC
coating. (c) DLS measurement of hydrodynamic size of QD-MUA-pDADMAC
as a function of QD concentration during pDADMAC coating. (d) Emission
spectra of QD-MUA-pDADMAC clusters with different QD concentration during
pDADMAC coating. (e) A set of wide field microscopy images of the assembly
results for QD-MUA-pDADMAC for different cavity sizes. A clear array is forms
only when the cavity size exceeds 90 nm. (EPD condition: Φ = −3.5 V, t = 10 s,

c(NaCl) = 0.5 mM, c(QD) = 1.5 nM)
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field microscopy images of STEPD assembled QD-MUA-pDADMAC clusters
into a ITO-PMMA template with different box cavity sizes ranging from 30 nm
to 500 nm. As evident from figure 5.7e, the cavity filling percentage generally
increases with an increase of the cavity size. When the cavity sizes are 30
nm and 50 nm, the QD filling rate in the array is very low since the average
size of QD-MUA-pDADMAC is around 85 nm, which is larger than the cavity
size. When the cavity sizes are 70 nm and 90 nm, the observed cavity filling
percentage is still relatively low, but some array patterns begin to emerge. This
is a result of the inhomogeneous size distribution of the polymer coated QD
clusters. When the cavity size reaches 110 nm, the cavity filling efficiency is
increased drastically and a clear array is observed. Increasing the cavity size
further from 130 nm to 500 nm, allows close to 99% filling of the wells to be
achieved. The results in figure 5.7 demonstrate that by coating small QDs with
a bigger polymer shell, QD arrays can be successfully assembled. Note that,
in this case, the resulting arrays are not an assembly of single particles but
clusters of QDs. Therefore, single particle purposed study such as single QD
blinking and lifetime study may not be applicable for such arrays.

Based on the approach of coating small QDs into bigger clusters by polyelec-
trolyte, we expanded the EPD assembly to QDs with different photolumines-
cence (PL) properties. Figure 5.8a shows a photograph of QDs in aqueous with
different PL colours under illumination by a UV lamp. All six samples were
phase transferred by MUA and polymer coated by pDADMAC as described
in the experimental section. Under the STEPD conditions used, i.e. Φ = −3.5
V, c(NaCl) = 0.5 mM and t = 10 s, we have successfully assembled arrays
of all six samples. From left to right, figure 5.8b shows a set of wide field
fluorescence microscopy images of QD arrays with different PL colours. All
results show a clear QD array with minor background luminescence. The
corresponding single cavity emission spectra are presented underneath each
respective wild-field image. The emission peak of each spectrum is 425 nm for
violet, 510 nm for cyan, 540 nm for green, 561 nm for yellow, 606 nm for orange
and 645 nm for red. Note that the wide field emission and spectra we present
here are a result of emissions from a cluster of QDs inside each cavity. They
generally exhibit broader peaks than the corresponding solution spectra due
to QD aggregation but are much brighter than single QDs. Besides arrays, the
cluster of QDs can also be used to fabricate other designed patterns. Figure 5.8c
shows a "star" shape pattern and the word "coupling" created by assembling
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QDs. The size of the "star" pattern is 40 µm in diameter. The width of each
trench is 150 nm which is sufficient for polymer coated QDs clusters to deposit.
For the word "coupling", the total length of the lettering is 200 µm. The width
of each trench is 10 µm. Importantly, there was little evidence for non-specific
binding of QDs outside the wells.

FIGURE 5.8: The results of STEPD assembly for QDs with different sizes and
emission wavelengths. (a) A photograph of six different pDADMAC-coated QDs
in aqueous solution under illumination from a UV lamp. (b) A ”Star” pattern
and the word “coupling” assembled by Red QDs clusters via STEPD. (Scale bar:
20 µm) (c) A set of wide field images (top) and corresponding emission spectra
(bottom) of pDADMAC coated QDs clusters arrays with different PL from violet,

cyan, green to yellow, orange and red. (Scale bar: 40 µm)

5.3.4 Assembly of Silica Coated Quantum Dots Nanoparticles

Although polyelectrolyte coating of QDs can bypass the size limit in our
EPD assembly method, the resulting arrays are not at the single particle
level. The cluster of QDs created via polymer encapsulation exhibit red-shifted
emission peaks and PL broadening, as well as decreased colloidal stability. A
better embodiment can be achieved via silica encapsulation.

Silica coating of semiconductor NCs was originally reported by Giersig and
Liz-Marzán and has been achieved through various protocols
subsequently.[38] Figure 5.9a presents TEM images of SiO2 coated QDs
prepared using a protocol outlined in previous publication.[33] The average
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FIGURE 5.9: The results of STEPD assembly for SiO2 cocated QDs. (a) TEM
characterisation of QD@SiO2 (Scale bar: 50 nm). (b) Wide field image of the
STEPD assembled QD@SiO2 array (Scale bar: 20 µm). (c) Emission spectra of

two single QD@SiO2 particle from assembled array.

size of the QDs was 8 nm. After the SiO2 coating, the total size of the
core-shell nanocrystals was increased to≈ 40 nm in diameter. With such a size
increase, we were able to carry out single particle STEPD when: Φ = −4 V,
c(NaCl) = 0.5 mM and t = 10 s. The results of STEPD assembly of QD@SiO2

are shown in figure 5.9b and 5.9c. Figure 5.9b is the wide field image of an
array assembled by QD@SiO2 and figure 5.9c is the corresponding single
particle emission spectrum for two particles selected from less bright dots in
figure 5.9b. The full widths at half maximum (FWHM) of the two emission
peaks are 28 nm, consistent with single QD emission. We also observed the
blinking of single QDs within cavities as well. A video of QD@SiO2 array
blinking can be found in our publication. This also provides evidence that a
single QD is deposited into each cavity in the array. However, during SiO2

coating, it is still possible to have multiple QDs coated into one SiO2 shell as is
evident from figure 5.9a. This will result in a cluster of QDs deposited into the
arrays with much brighter emission, as is shown in figure 5.9b. Note that, the
contrast and brightness in figure 5.9b and supporting video are increased
slightly in order to have a better visualisation of the single QD arrays.

5.3.5 Nanoparticle Size Effects During STEPD Assembly

We have demonstrated STEPD assembly of several different kinds of
nanocrystal. We have found that particles with smaller sizes generally require
a higher applied potential to drive the assembly process. Since the applied
potential cannot be increased indefinitely without causing electrolysis of the
solvent, damage to the nanocrystals or corrosion of the template, single QD
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nanocrystals with sub-10 nm sizes cannot be deposited directly via the STEPD
method without artificially increasing the nanocrystal size.

The size limitation is more or less determined by the competing effects of
the electrical double layer around the nanocrystals and Brownian motion.
According to the electrical double layer theory, all surface charges on a charged
particle in the solution are screened by a diffuse layer of ions, which has the
same absolute charge but opposite sign with respect to that of the surface
charge. When an external electric field is applied, the charged particle moves
under the electrostatic force acting on the bare charge of the particle, which
is balanced by the hydrodynamic friction force at the particle-liquid interface,
and other forces caused by the ion movement and deformation of the diffuse
layer.[39] The electrostatic force on the charged particle from the external
electric field, i.e. the driving force for the electrophoretic mobility (FE = |

−→
FE|)

is given by:

FE = qNPE, (5.1)

where qNP is the total surface charge on the particle andE = |
−→
E | is the strength

of the electric field applied to the particle. Assuming a spherical particle, the
total surface charge on the particle can be written as:

qNP = 4πR2ρq, (5.2)

where R is the hydrodynamic radius of the particle (defined by the position
of the slip plane where the ζ-potential is defined) and ρq is the surface charge
density on the slip plane. The surface charge density on the slip plane of a
particle in aqueous solution can be further obtained from the experimentally
accessible ζ-potential. The surface charge density and zeta potential are related
via:[40]
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where ε0 is permittivity of free space, εr is relative permittivity, κ−1 is the dou-
ble layer thickness, kB is Boltzmann’s constant, T is the absolute temperature,
and e is the elementary charge. The double layer thickness is given by:[4, 41]

κ−1 =

(
ε0εrkBT

2cz2e2

) 1
2

, (5.4)

where c is the electrolyte concentration and z is the (symmetrical) ion valence.

In the presence of an experimentally realistic electric field, a minimum
particle charge is needed to drive electrophoretic deposition. Using equations
5.2-5.4, we have calculated the value of |qNP | as a function of R under common
experimental conditions (i.e. T = 298 K and c(NaCl) = 0.5 mM) and for two
typical ζ-potentials (i.e. ± 40 and ± 80 mV) in our experiments; the results are
given in figure 5.10a. The absolute total surface charge increases as the size
of the ζ-potential of the particle increases. However, even though the small
QD-MUA particle (ζ = −82.3 mV, D = 9 nm, qNP ∼ 28 e) has a higher absolute
ζ-potential than the large QD-MUA-pDADMAC particle (ζ = +42.5 mV, D =

85 nm, qNP ∼ 438 e), the former has a much lower absolute surface charge
compared to the latter, due to the huge differences in surface area. This means
the larger QD-MUA-pDADMAC particles experience a larger driving force
from the applied electric field and are thus more likely to undergo STEPD. The
estimated electrostatic charge on the nanocrystals used in our experiments are
tabulated in table 5.1) and plotted in figure 5.10a as a function of the particle
radius. Compared to the QD-MUA nanocrystals (red triangle) the rest of the
samples (black spheres) in our experiments carry a much higher total charge.
The gold nanospheres with a diameter of 38 nm carries the second lowest total
charge (174.2 e). To impose the same driving force on the QD-MUA particles,
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FIGURE 5.10: Effect of particle size on transport during STEPD. (a) Plot of total
charge on single nanocrystals as a function of particle radius for two different
zeta potentials using equations 5.2-5.4. (b) Plot of the calculated Péclet number
(defined as the ratio of the electrophoretic transport rate to the diffusional transfer
rate) as a function of particle radius, calculated using equation 5.6. Conditions
used: T = 298 K, c(NaCl) = 0.5 mM, Φ = 3.5 V.) Also shown the values for the
nanocrystals used in the experiments, based on the values in table 5.1. The QD-
MUA NCs are represented by red triangles while the other NCs are plotted using

black spheres.

we would need to apply a ∼ 6 times higher electric field, which would result
in damage to the PMMA template and excessive electrolysis, which would
interfere with the STEPD process.

Sample
Name

Particle
Radius

Zeta
Potential

Applied
Potential

Calculated
Electric Field

Total
Charge

Peclet
Number

Fe3O4 100 nm +60.4 ± 0.8 mV -3 V

8.9 V/mm

3314.7 e 34.2
BPEA 58.5 nm -48.2 ± 2.1 mV +3 V 906.5 e 9.3

Au Spheres 116 58 nm +48.3 ± 2.5 mV -3 V 894.5 e 9.2
Au Octahedra 55 nm +41.2 ± 2.4 mV -3 V 672.5 e 7.1

QD-MUA-pDADMAC 42.5 nm +42.5 ± 2.4 mV -3.5 V 12.7 V/mm 437.7 e 6.2
Au Spheres 66 33 nm +52.7 ± 1.8 mV -3.5 V 360.9 e 4.6

Au Cubes 22 nm +76.4 ± 3.3 mV -4 V
21.6 V/mm

289.7 e 5.1
QD@SiO2 20 nm +80.2 ± 1.6 mV -4 V 263.6 e 4.4

Au Spheres 38 19 nm +62.6 ± 2.3 mV -4 V 174.2 e 3.1
QD-MUA 4.5 nm -82.3 ± 1.8 mV +4 V 21.6 V/mm 28.3 e 0.22

TABLE 5.1: List of nanocrystal details and applied EPD assembly potential
included in the experiments.

Further insights can be obtained by analysing the movement of the particles
in the STEPD process. Various analytic expressions have been introduced to
calculate electrophoretic mobilities (µ) depending on the size of the particles.
Based on Henry’s equation, the electrophoretic mobility is given by,
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µ =
ν

E
=

2ε0εrζ

3η
f(κr), (5.5)

where ν is the velocity of the particle, η is the viscosity of the solvent and f(κr)

is the Henry’s function. Within the Smoluchowski limit Henry’s function can
be simplified to f(κr) =1.5.[42, 43]

Meanwhile, within the nanoscale regime, the movement of particles is also
significantly influenced by Brownian motion. In order to achieve efficient
STEPD, electrophoretic motion needs to be considerably more effective than
the Brownian motion at transporting the nanocrystals. This can be quantified
via the Péclet number (Pe). In the case of electrophoresis, we can define the
Péclet number of particles as follows:

Pe =
νL

Dt

=

ε0εrζ

η
· E · 2R

kBT

6πηR

= 12
ε0εrπ

kBT
ζER2, (5.6)

where L is the characteristic length and is approximately equal to the diameter
of the particle (i.e. L ∼ 2R), Dt is the translational diffusion coefficient of the
particle and is given by the Stokes-Einstein equation (i.e. Dt = kBT/(6πηR)

with η is the dynamic viscosity of the solvent).

To compute the Pe of particles under a given experimental condition, knowl-
edge of the electric field E that they experience is required. Considering that
the system has a significant electric current during the EPD process, here we
determine the value of E by using Ohm’s law (i.e. J = σE, where J = |

−→
J |

is the current density, σ is the conductivity of the solution and E = |
−→
E | is the

electric field). The current density can be obtained via J = I/A with I is the
actual current recorded in the experiments and A is the effective surface area
of the electrode based on the exposed area on the ITO-PMMA template (see
Figure S6, A ≈ 1.83 × 10−8 m2). Due to the fixed electrolyte concentration
in all experiments, the currents recorded are relatively stable for each applied
potential and I ≈ 14, 20 and 34 µA at Φ = 3, 3.5 and 4 V, respectively.

In general, when Pe < 1, Brownian motion dominates, leading to extremely
slow deposition, while for Pe > 1, effective assembly of nanocrystals occurs.
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These results are consistent with the analysis by Solomon et al.[21] We plotted
the value of Pe as a function of R for the experimental conditions used here
(i.e. T = 298 K, c(NaCl) = 0.5 mM, Φ = 3.5 V, and I = 20 µA ) for two typical ζ-
potentials of nanocrystals (i.e. ± 40 mV (black curve) and± 80 mV (red curve))
in our experiments, and the results are given in figure 5.10b. We can see that,
when |ζ| = 40 mV and 80 mV, Pe < 1 for particle size R < 18 nm and < 13 nm,
respectively, and Brownian motion dominates, which prevents electrophoretic
deposition from occurring. Conversely, Pe > 1 for larger particles, and the
electrophoretic motion dominates, which results in efficient STEPD assembly.
We also estimated the Péclet number for the samples in our experiments. These
are summarised in table 5.1 and indicated by symbols in figure 5.10b. The large
particles in our experiments (black spheres) always have Pe > 1, meaning
that electrophoretic motion can drive these nanocrystals towards the substrate.
However, the small QD-MUA particles (red triangles) have Pe ≈ 0.2 under our
experimental conditions, which explains why they do not assemble. Moreover,
since Pe is proportional to the square of the particle radiusR2 but only the first
power of the ζ-potential (Equation 5.6), increasing the size of the QDs using
poly-electrolytes coats or SiO2 shells can be an efficient way to achieve the
successful EPD assembly, even if the coating process reduces the ζ-potential.
Note that the results above are calculated within the Smoluchowski limit (κr �
1). However, as the particle size decreases below ≈ 13nm (corresponding
to κr = 1), the Smoluchowski limit breaks down and the Henry’s function
decreases from 1.5 towards its lower limit of 1 when κr � 1 . This implies that
the actual mobility and the corresponding Péclet numbers for smaller particles
can be even lower than calculated above.

5.4 Summary

In summary, we have demonstrated that STEPD offers a versatile mecha-
nism for positioning large numbers of single NCs with nanometre precision.
The method is scaleable, rapid and will work for a wide variety of materials.
The lower size limit is due to the increasing difficulty of overcoming Brownian
motion. One way to circumvent this limit is by using a poly-electrolyte coat
or SiO2 shell to artificially increase the NC size. This raises the intriguing
possibility of assembling single molecule arrays. While the effective Péclet
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number of single molecules in solution is much less than one, a single molecule
may be adsorbed onto a NC or embedded within a polymeric particle and
could thus be deposited via STEPD.
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Chapter 6

Applications and Perspectives in
Single Nanocrystal Assembly

The final research question we proposed in this thesis is: "What new appli-
cations can be delivered by using STEPD?" In this chapter, we explore three
possible applications derived from our STEPD-assembled single nanocrystal
arrays. These applications are (i) Hydrogen sensing (ii) Electrically Address-
able Arrays and (iii) Tunable Optical Switching.
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6.1 Hydrogen uptake on Gold Palladium Core

Shell Nanocrystal Arrays

In this section,i we introduce our study of hydrogen uptake on gold core-
palladium shell nanorods (Au@Pd nanorods). Palladium nanocrystals are
known to be effective for hydrogen absorption. By coating a thin palladium
shell on a gold nanorod, the LSPR of the Au@Pd nanorod can be used to indi-
cate the hydrogen absorption on the nanorod surface. We first studied the pal-
ladium shelling process on gold nanorods to select the ideal Au@Pd nanorod
with a distinguished LSPR peak. Then the effect of hydrogen uptake on the
LSPR peak is investigated for Au@Pd nanorod colloid solutions as a proof
of concept. The single particle scattering spectrum of the Au@Pd nanorod is
also characterised by the STEPD-assembled array of Au@Pd nanorods. We
propose, by taking advantage of the ordered pattern, that an array of Au@Pd
nanorods has the potential to be further developed as a highly sensitive,
reliable and adaptable chip for hydrogen gas sensing in practical applications.

6.1.1 Synthesis of Gold Nanorod Core, Palladium Shell

Nanocrystals

Gold nanorods were firstly synthesised based on a method that was previ-
ously reported.[1] The detailed steps are described in chapter 3 and chapter 4.
Here we have prepared two sets of gold nanorods as the core for palladium
shelling as shown in figure 6.1. Both of the resulting gold nanorod samples
were washed by centrifugation and redispersed in water three times to remove
excess CTAB. The final concentration of gold nanorod samples was fixed at 50
µg/mL

The shelling process of palladium over gold nanorods followed previously
reported work with modified steps.[2] Firstly, 2 mM of H2PdCl4 precursor was
prepared by dissolving 0.035 g of PdCl2 in 1 mL of 1 M HCl aqueous solution,
and then further diluted to 100 mL with water. The solution was kept under

iDue to the interruption by the COVID-19 global pandemic, not enough data was able to
be collected to support the final result in this section. A reasonable deduction is made as a
perspective for the future experiments of the project.
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FIGURE 6.1: Characterisation of gold nanorods. (a, d): Transmission electron
microscopy (TEM) images, (b, e): core size distributions and (c, f): UV-Vis
absorption spectra of the two batches of gold nanorods used for Pd shelling. Rod
777 (first row) has an average length of 108.9 nm, an average width of 34.5 nm,
and an aspect ratio of 3.15. Rod 827 (second row) has an average length of 100.8

nm, a width of 25.6 nm and an aspect ratio of 3.93.

stirring overnight at 30 ◦C in a water bath. For the palladium shelling steps,
2 mL of 50 µg/mL gold nanorod solution was added into 4 mL of 100 mM
CTAB solution followed by the addition of 20 µL of 100 mM L-Ascorbic Acid
under mild magnetic stirring. After 5 min of proper mixing, a given volume
of 2 mM H2PdCl4 precursor was added. The solution was kept under mild
stirring overnight at 30 ◦C in a water bath. Finally, the solution was washed by
centrifugation and redispersed in water to remove excess CTAB and H2PdCl4.

6.1.2 Results of Au@Pd Nanocrystal Synthesis

We first characterised the growth of the palladium shell on gold nanorods
by TEM as shown in figure 6.2. Both gold nanorod samples (Rod 777 and
Rod 827) were reacted with three different volumes (100, 200, and 400 µL)
of 2 mM H2PdCl4 precursor. The number of Pd ions in each reaction are 2
×10−7, 4 ×10−7, and 8 ×10−7 mol respectively. When the lowest volume (100
µL) of H2PdCl4 precursor is used, we observed an average Pd shell thickness
of 1.1 nm and 1.9 nm forming around Rod 777 and Rod 827, respectively. A
slight difference in shell thickness between the two samples is due to the gold
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nanorod size difference. Since the concentration of gold nanorods and the
H2PdCl4 precursor are fixed in parallel comparison, the smaller-sized Rod 827
results in a thicker Pd shell and the larger-sized Rod 777 results in a thinner
shell. Meanwhile, we also find that the palladium tends to accumulate on the
tips of the gold nanorods (Figure 6.2a and d), which results in a < 5 nm hump
at the edge between the body and cap of the gold nanorod. This phenomenon
can be attributed to the lattice matching of the Pd atoms on the {111} facets
of gold nanorods,[3] and the higher energy kink site on the edges of gold
nanorods.[4, 5] When the volume of H2PdCl4 precursor was increased to 200
µL, both samples presented a clear "dog bone" like geometry, where palladium
accumulated at the two ends of the gold nanorods. In addition, formation of a
clear shell around the gold nanorods is also observed for Rod 777 and Rod 827
with an average thickness of 2.5 nm and 2.7 nm, respectively. (Figure 6.2b and
e).

Finally, when the volume of H2PdCl4 precursor was increased to 400 µL,
a thicker shell formed around the gold nanorods (3.2 nm for Rod 777 and
3.5 nm for Rod 827), forming the beginning of a cuboid shape as previously
reported.[2] In addition, we performed high resolution TEM on the Au@Pd
(827-400) nanorods to characterise the lattice structure of the palladium shell as
shown in figures 6.2g and h. Figure 6.2g shows the edge of a Au@Pd nanorod.
We can see a palladium shell (dark grey area) around the gold core (black area).
On the palladium shell, a clear diffraction fringe is observed due to the Bragg
diffraction of the palladium crystal lattice. We selected two areas to analyse
the lattice structure of the palladium crystal which are boxed out in figure 6.2g
and the results are shown in figure 6.2h. Figure 6.2h presents two plots of
TEM image intensity counts as a function of distance. The intensity in the
plot is the average image intensity inside each box along its width, and the
distance is recorded along the length of the box. As measured, there is a clear
periodicity in both areas which indicates the formation of palladium crystal
structure. Moreover, the periodicity is measured to be approximately 0.234
nm. It indicates that the palladium shell here has the lattice facet of {111} based
on previous reports.[6, 7] We believe that the formation of the palladium {111}
facet can be attributed to {111} kink binding sites on the gold nanorods which
induce formation of a palladium shell with the same crystal structure.

The absorption spectra were also used to characterise the growth of the
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FIGURE 6.2: TEM characterisation of palladium coated gold nanorods. The top
row shows Rod 777 coated with different volumes of H2PdCl4 precursor added
during reaction. (a) 100 µL, (b) 200 µL and (c) 400 µL. The bottom row shows Rod
827 coated with different volumes of H2PdCl4 precursor added during reaction.
(d) 100 µL, (e) 200 µL and (f) 400 µL. (g) High resolution TEM characterisation
of a Au@Pd core-shell nanorod (777-400). The two boxes point out the areas for
crystal lattice analysis. (h) Two plots of TEM image intensity counts as a function
of distance from the two related boxes in (g). A constant 0.234 nm lattice distance

is measured for the Pd shell.
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FIGURE 6.3: UV-Vis absorption spectra of Au@Pd core-shell nanorods growth
with different volumes (100, 200, and 400 µL) of H2PdCl4 precursor for (a) gold

nanorod 777 and (b) gold nanorod 827.

palladium shell on gold nanorods as shown in figure 6.3. We found that
the longitudinal absorption mode of the gold nanorod is red-shifted with
increasing volumes of H2PdCl4 precursor added during a reaction for both
gold nanorod samples. The longitudinal absorption peak of Rod 777 is shifted
from 777 nm to 808 nm, 813 nm and 819 nm, and the longitudinal absorption
peak of Rod 827 is shifted from 827 nm to 849 nm, 860 nm and 869 nm with
H2PdCl4 precursor amounts from 0 to 100 µL, 200 µL and 400 µL, respectively.
The absorption intensity also decreases with increasing volumes of H2PdCl4
precursor. This phenomenon can be attributed to the plasmonic damping
of gold nanorods during palladium coating.[8, 9] In addition, we also find
that the full width at half maximum (FWHM) of the absorption peaks also
increase with increasing volumes of H2PdCl4 precursor. This can also be
attributed to the stronger plasmonic damping of gold nanorods when a thicker
palladium shell is coated as well as size inhomogeneity during palladium
shell growth. Detailed information regarding the change in absorption peak,
FWHM, relative intensity and palladium shell thickness is listed in table 6.1.

6.1.3 Results of Hydrogen Uptake Properties of Au@Pd

Nanocrystals

According to the characterisation and analysis above, the resulting palla-
dium crystal lattice structure is measured to be the {111} facet. This is known
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Sample Amount of Pd Peak FWHM Relative Peak Pd Shell
Name in Reaction (mol) (nm) (nm) Intensity (%) Thickness (nm)

777 0 777 82.9 100 0
777-100 2 ×10−7 808(∆ = 31) 101.2 82 1.1
777-200 4 ×10−7 813(∆ = 36) 110.3 71 2.5
777-400 8 ×10−7 819(∆ = 42) 125.9 54 3.2

827 0 827 89.4 100 0
827-100 2 ×10−7 849(∆ = 22) 106.6 78 1.9
827-200 4 ×10−7 860(∆ = 33) 118.3 69 2.7
827-400 8 ×10−7 869(∆ = 42) 136.3 54 3.5

TABLE 6.1: List of details of absorption peak, FWHM, relative intensity and Pd
shell thickness for two gold nanorod samples prepared with different volumes of

H2PdCl4 precursor.

to be the effective palladium crystal facet for hydrogen and carbon monox-
ide absorption.[10] In addition, the thickness of the palladium shell on gold
nanorods can be controlled by tuning the volume of H2PdCl4 precursor added
during the shelling reaction. Au@Pd nanorods (827-100) have thick enough
palladium shells for efficient hydrogen absorption. Their relatively strong
and narrow absorption peaks also allow for sensing the difference before
and after hydrogen uptake via spectroscopy. Therefore, we selected Au@Pd
nanorods (827-100) from the previous section to proceed with hydrogen uptake
experiments.

We tested the hydrogen uptake on Au@Pd nanorods in solution by the
following method: A 30 µg/mL Au@Pd nanorod solution is loaded into a
quartz cuvette and the UV-Vis absorption spectrum is recorded. Then the
solution was bubbled with N2 gas and H2 gas for 1 hour. The N2 - H2 cycle
was repeated and the absorption spectrum after each gas saturation cycle was
recorded. The results are shown in figure 6.4.

Figure 6.4a shows the normalised absorption spectra of Au@Pd nanorod
colloids after the saturation of H2 (red curve) and N2 (black curve). A minor
red shift in the spectrum of H2-saturated Au@Pd is observed. The difference
between spectra is clearer when we focus on the absorption peak area as
shown in figure 6.4b. In the N2-saturated solution, the Au@Pd nanorods
show an absorption peak at 847 nm, while in the H2-saturated solution, the
absorption peak shifts 5 nm to 852 nm. From a previous report,[11] we know
that when hydrogen is absorbed onto the palladium surface, the palladium
lattice undergoes an isotropic expansion. This is caused by a small portion of
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FIGURE 6.4: UV-Vis absorption spectroscopy analysis for hydrogen uptake on
Au@Pd core-shell nanorods. (a) UV-Vis spectra of Au@Pd 827-100 under a N2

(Black) and H2 (Red) environment. (b) Zoomed-in peak area of the UV-Vis spectra
from (a). (c) Absorption intensity difference plot between N2 and H2 saturated
Au@Pd nanorod solutions. The spectrum is calculated by subtracting the UV-
Vis spectra of the two Au@Pd nanorod solutions in (a) (AbsH2 - AbsN2). (d)
Absorption intensity difference plot changing over the N2-H2 gassing cycles.
Each plot is calculated by subtracting the UV-Vis spectrum of the earlier gas

environment from the later. (Starting from the bottom of the y-axis at "Air")
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electrons on the palladium surface transferring from the Pd-Pd bond to the
Pd-H bond. Based on the equation 2.10, a decrease of electron density in a
nanorod (∆N < 0) will result in ∆λ > 0, which indicates a red shift in LSPR
peak as we observed in the experiment.

In order to clearly present the absorption peak shift, we calculated the
intensity difference between N2- and H2-saturated Au@Pd nanorod absorption
spectra as shown in figure 6.4c. We calculated the plot in figure 6.4c by sub-
tracting the normalised N2-saturated Au@Pd nanorod absorption spectrum
from the H2-saturated Au@Pd nanorod absorption spectrum (AbsH2 - AbsN2).
The calculated plot in figure 6.4c shows a clear negative valley at 800 nm and
a positive peak at 900 nm. Because there is a spectrum red shift, the left part
of the absorption peak (λ < 850 nm) under H2 has relative lower intensity
compared to the absorption peak under N2. This results in a valley in the
intensity difference plot. On the other hand, the right part of the absorption
peak (λ > 850 nm) under H2 has a relatively higher intensity compared to the
absorption peak under N2, which results in a peak in the intensity difference
plot. Therefore, by reading the valley-peak relation in the intensity difference
plot, we can clearly analyse the absorption peak shift of Au@Pd nanorods
under a given saturated gas condition.

Finally, we studied the reversibility of hydrogen uptake on Au@Pd nanorods
and plotted the spectrum evolution in figure 6.4d. On the right side of figure
6.4d, we listed out the gas saturation cycles during our experiment from Air
to N2/H2 (from bottom to top). We take the absorption spectrum after each
gas saturation cycle. The former spectrum is subtracted from the latter one
to calculate the intensity difference plot. We recorded in total 7 N2-H2-N2

cycles (noted as C1 to C7) during the experiment. We find that, from C2 to
C7, all spectra show a red shift when saturated with H2 gas and a blue shift
when saturated with N2 gas. This stable red-blue shifting indicates a reversible
hydrogen uptake process on the Au@Pd nanorods. It can be explained by the
weak binding between Pd and H atoms. We also find that, at the beginning
of the experiment (from Air to C1), a different spectrum evolution is observed.
From air to the first N2 saturation, there is no peak shift but only a minor
intensity decrease. From the first N2 saturation to the first H2 saturation, the
absorption spectrum is blue shifted, which is contradictory to the expected red
shift due to H2 uptake on the Pd surface. This only happens with the first H2



194Chapter 6. Applications and Perspectives in Single Nanocrystal Assembly

saturation and the spectrum shifts of the rest of the gas saturation cycles are
as expected. Thus, we suspect that the inconsistent absorption peak blue shift
when the H2 gas saturates for the first time occurs due to the removal of O2

from the Pd surface as suggested in previous reports.[12, 13]

6.1.4 Perspectives on Au@Pd Nanorods Arrays

In the last section, we have demonstrated that Au@Pd nanorods exhibit an
optical response in the presence of H2 gas. A red shift in the absorption spec-
trum of Au@Pd nanorods can be detected when the solution is saturated with
H2 gas, which indicated a successful uptake of hydrogen on the palladium
surface. The reversibility of H2 uptake on palladium surface is also tested.
Therefore, Au@Pd nanorods hold the potential to be a material for H2 gas
sensing. However, in the previous experiment we used a colloidal Au@Pd
nanorod solution. It is not a feasible approach to use a vial of solution for gas
sensing in practice. In addition, the collected absorption spectra was of the
ensemble signal of a Au@Pd nanorod solution after an hour of gas saturation.
This process lacks real-time response and lacks a low H2 gas detection limit.

FIGURE 6.5: STEPD assembly results of Au@Pd nanorod arrays. (a) Dark-field
image of an array of Au@Pd nanorods. (b) Single particle scattering spectrum of

two Au@Pd nanorods in the array.

Our ultimate goal is to develop a highly sensitive, fast response time and
portable H2 gas sensing device. We intend to apply our STEPD assembly
method to fabricate an array of Au@Pd nanorods with many advantages:
(1) a solid state chip that can be easily adapted into many H2 gas detection
situations; (2) addressable single particle level detection, which increases the
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sensitivity under a low concentration of H2 gas; and (3) adjustable array
patterning for boosting the optical signal readout. Figure 6.5 shows the
results of STEPD assembly of Au@Pd nanorod arrays. We assembled Au@Pd
nanorods with the same rectangular cavity template as we used in chapter 3
for gold nanorods (Figure 2.1b). The spacing between nanocrystals is set to
4 µm for a clear single particle observation under the dark-field microscope.
As shown in figure 6.5a, a uniform reddish colour array indicated that the
Au@Pd nanorods were successfully assembled via STEPD. With this array
pattern, we would be able to easily isolate every single Au@Pd nanorod and
analyse their scattering property via dark-field microscopy. Figure 6.5b shows
the scattering spectrum for two single Au@Pd nanorods that were assembled
in the array. A difference in the scattering peak of these two Au@Pd nanorods
is recorded, where P1 (black curve) has a scattering peak at 863 nm and P2 (red
curve) has a scattering peak at 844 nm. This difference between single Au@Pd
nanorod scattering peaks is due to the morphology difference between each
single particle. A well-ordered array of single nanocrystals makes it easier to
link the single particle scattering spectrum with the single particle morphology
by locating the coordinates of the target particle.

FIGURE 6.6: Hydrogen uptake study on a single Au@Pd nanorod. (a) Schematic
illustration of the experimental setup for in situ single particle scattering spectrum
collection under a variable gas environment. (b) A digital image of the actual gas-

tight cell.

For the H2 gas uptake tests on a single Au@Pd nanorod, a specialised set-
up was built to perform the experiment as shown in figure 6.6. Figure 6.6a
is a schematic illustration of the experimental setup for H2 study on a single
Au@Pd nanorod. The experiment was carried out using a transverse mode
dark-field microscope for a better scattering signal collection. We used a
refractive index matching oil between the array substrate and objective lens
to minimise light refraction through the glass. Due to a short working spacing
between the lens and dark-field condenser, a gas-tight flow cell needs to be
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thin enough to fit in the microscope. We designed a three-piece sandwich-
like flow cell as shown in figure 6.6b. A 2 mm thick Teflon spacer with 2
× 2 cm gas chamber was used to separate two glass windows. The top and
bottom metal covers were used to seal the gas chamber by tightening three
screws. Finally, two gas channels in the left and right side of the Teflon spacer
are designed for H2 and N2 gas flow during the experiment. With this setup,
it is possible to record a single particle scattering spectrum under different
gas environments over time. However, at the moment we have not been able
to collect enough data to further investigate the performance of our Au@Pd
nanorod arrays for H2 gas sensing due to the global pandemic outbreak. We
estimated the possible results as a future perspective in this thesis.

FIGURE 6.7: Proposed experimental steps and estimated results of hydrogen
uptake on single Au@Pd nanorod arrays.

In the proposed experiment, we would firstly purge the cell by gas flow
with H2 and N2 for 1 hour to remove the oxygen from the palladium surface.
Then, the scattering spectrum of one row of single Au@Pd nanorods in the
array can be recorded as a function of time. The gas flow can be switched after
a certain time period from N2 to H2 and back to N2 again. Finally, the peak
wavelength scattering intensity for each nanorod can be plotted as a function
of time (Figure 6.7). In theory, due to the red shift of the spectrum when
H2 attaches to the palladium surface, the scattering intensity at the original
scatting peak of a Au@Pd nanorod should decrease. When H2 is removed,
the scattering intensity should be restored. By reading the scattering intensity
changes, the presence of H2 gas would be able to be detected by the array of
Au@Pd nanorods. Since we are sensing H2 at a single particle level, a few
H2 molecules attached on one single Au@Pd nanorod can cause a readable
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scattering spectrum shift. We can also further take advantage of an array of
Au@Pd nanorods by statistically studying multiple Au@Pd nanorods at the
same time. This increases the reliability and sensitivity of the sensing results.
For example, with an array of 100 × 100 Au@Pd nanorods, 100,000 single
particle scattering spectra can be read spontaneously. We would be able to
sense the presence of H2 if 10 or fewer of those spectra are shifted. Therefore,
we believe that a higher sensitivity for low concentrations of H2 molecules may
be achieved. Finally, with proper design and fabrication, the ITO-glass chip
with an array of Au@Pd nanorods will be able to be adapted for practical H2

sensing device. The actual sensitivity needs to be investigated experimentally
and theoretically.

6.2 Electrical Addressable Single Nanocrystal Ar-

rays

In this section,ii we introduce the study and idea of electrically addressable
single nanocrystal arrays assembled by the STEPD assembly method. This
idea is derived from the optical property of metal nanocrystals of tuning the
LSPR peak wavelength by injection/retraction of electrons from the nanocrys-
tal. We firstly studied the relation between scattering peak wavelength and
applied potential bias on a single gold nanorod. The results show a clear peak
red shift when a positive bias is applied and a blue shift when a negative bias
is applied. Derived from this result, we proposed the idea and perspective to
use STEPD-assembled nanocrystal arrays for single particle level addressing.
By using a grid-like patterned ITO substrate, we can selectively apply the
potential bias on one row of nanocrystals in the array. With another grid-like
patterned ITO as the counter electrode, we should be able to achieve electrical
addressing of a single nanocrystal.

iiThe first part in this section is constructed based our co-authored publication: Tokuhisa
Kawawaki, Heyou Zhang, Hiroyasu Nishi, Paul Mulvaney, and Tetsu Tatsuma, “Potential-
Scanning Localized Plasmon Sensing with Single and Coupled Gold Nanorods,” The Journal of
Physical Chemistry Letters, vol. 8, no. 15, pp. 3637–3641, 2017. DOI: 10.1021/acs.jpclett.7b01620.
(Figures and texts in this chapter are adapted with permission from the author and
publisher.[14] Copyright 2017, American Chemical Society)
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6.2.1 Electrical Charging and Spectrum Shifting of Single

Gold Nanorods

In the introduction section of this chapter, we introduced the optical proper-
ties of metal nanocrystals. One of the unique properties of metal nanocrystals
is that the LSPR modes are very sensitive to electron charging. Therefore, it
is possible to control the "colour" of the nanocrystal by artificially injecting or
withdrawing electrons on nanocrystals. In collaboration with Dr. Tokuhisa
Kawawaki, we performed experiments in potential-scanning localised plas-
mon sensing on single and coupled gold nanorods.[14] The goal here is to
study the LSPR peak shift while externally injecting or withdrawing electrons
on a single gold nanorod with a potentiostat.

FIGURE 6.8: Schematic representation of the experimental setup for single gold
nanorod scattering spectrum measurement under a potential bias.

In this experiment,iii we used the same batch of gold nanorods as synthesised
in chapter 3 (Figure 3.3). The size of the gold nanorod is measured to be on
average 100 nm in length and 40 nm in width. The gold nanorods are stabilised
by CTAB in an aqueous solution and washed by centrifugation before use.
Figure 6.8 is a schematic representation for the setup that we used in this
experiment. We used a similar cell structure as introduced in figure 6.6 for
its ability to take high resolution single particle scattering spectra under the

iiiThis part of the experiment is credited to Dr. Toduhisa Kawawaki with my contribution
in gold nanorod synthesis, experimental setup design and data analysis.
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transverse mode dark-field microscope. In order to apply a potential bias with
a three-electrode system, a few changes are made. Firstly, we used ITO-glass as
the conductive top and bottom cover of the cell. The gold nanorods were spin-
coated on the bottom ITO-glass for dark-field microscopy. Secondly, in order
to apply the three-electrode system to the cell, the middle spacer is designed
with only one channel to fit in a Pt wire as the reference electrode. The channel
is further sealed with Teflon tape. Finally, the electrolyte, 0.01 M KNO3, is
required to fully fill the chamber. The cell needs to be sealed with Teflon tape
in between the spacer, ITO and cover.

The single gold nanorod scattering spectrum measurements were performed
under different potential biases as shown in figure 6.9a. The plots of scat-
tering peaks are smoothed and normalised for better indication. During the
experiment, we applied a potential bias from −1.2 V to +1.2 V (versus NHE).
When the applied potential is moved to the positive bias, the scattering peak
shifted to a longer wavelength (cyan, violet and purple curves). When the
applied potential is moved to the negative bias, the scattering peak shifted to
a shorter wavelength (red, orange and yellow curves). This result matches
with the theory that electron injection (negative bias) leads to LSPR peak blue
shift and electron retraction (positive bias) leads to LSPR peak red shift. The
detailed relation between scattering peak wavelength and applied potential is
shown in figure 6.9b. In figure 6.9b, we set the gold nanorod scattering peak
wavelength at −1.2 V as the base point (0 peak shift) and read out the relative
scattering peak wavelength shift at each potential bias as pointed out in red
dots. We find that the relation between scatting peak shift and potential bias
is almost linear in this range. The slope of the linear fitted line is 11.5 nm/V
which can be described as the potential sensitivity of the gold nanorod.

Based on the theory and equations (Equation 2.9 and 2.10) in section 6.1.2,
the relation between the LSPR peak wavelength shift (∆λ) and electron density
change (∆N ) can be theoretically calculated. Here, we take λp = 131 nm and
ε∞ = 12.2 for gold as reported.[15] In addition, with the refractive index of
the electrolyte (n = 1.332, εm = n2 = 1.774) and uncharged gold nanorod peak
wavelength (λ = 775 nm), the shape factor of gold nanorods can be calculated
as L ≈ 0.08, based on equation 2.11. The total number of electrons in a gold
nanorod can be estimated by calculating the total number of Au atoms in the
nanorod, which results in N ≈ 6 × 106. Finally, the relation between ∆λ and
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FIGURE 6.9: (a) Gold nanorod scattering spectra under different potentials in 0.01
M KNO3 electrolyte.(b) The plot of scattering peak shifts as a function of potential
bias for the single gold nanorod from (a). The theoretical relation between
scattering peak shift and charge decrease is also plotted. The calculation is based
on equations 2.9 and 2.10. This figure is credited to Dr. Tokuhisa Kawawaki and

adapted from our co-authored publication[14].

∆N can be calculated based on equation 2.10 and the results are pointed out
in figure 6.9b (blue dots). The theoretically calculated value is qualitatively
matched with our experimental result. An approximate 9 × 104 electrons per
1 V change on the gold nanorod can be estimated.

6.2.2 Perspectives on Addressable Single Nanocrystal Arrays

The results from the last section indicate that the scattering peak wavelength
of a single gold nanorod can be adjusted by controlling the potential bias on
the nanorod. In other words, we can externally apply a given potential to
change the scattering colour of the gold nanorod. Besides, from previous
reports,[16, 17] the photo-luminance property of fluorescent quantum dots,
such as CdSe, can also be electrically controlled by potential bias. A further
question that can be raised here is whether it is possible to selectively address
a single nanocrystal by a potential bias (Figure 6.10).

From our STEPD assembly method, we can achieve nearly perfect single
nanocrystal arrays. The ordered array pattern allows us to precisely locate
every nanocrystal by tracking their coordinates. It has provided the possibility
to spatially address a single particle. ITO substrates are normally used in
our STEPD assembly, which fulfils the other requirement of a conductible
substrate to apply a potential bias. The biggest challenge is ascertaining how to
selectively apply the potential bias to only one nanocrystal. Here, we propose
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FIGURE 6.10: Proposed idea of STEPD-assembled addressable single nanocrystal
arrays by applying a potential bias. Images under the "gold nanocrystal" and

"CdSe QD" headings are adopted from previous publications.[14, 16]
.

a promising approach to achieve addressable single particle arrays as shown
in figure 6.11.

In the assembly steps, instead of normal ITO-glass substrate, we propose
use of photo lithography patterned ITO-glass. The ITO should be etched
with a grid-like pattern with distinguishable longitude and latitude lines to
separately connect to a potentiostat. Then, a similar EBL step is used to make
an array of cavities on a PMMA coating. The cavity array should match the
grid-like pattern on the ITO substrate by situating each cavity on the ITO
cross points. After that, the array of nanocrystals is assembled by the STEPD
assembly method. The electric field should be applied evenly across each line
of ITO. The second part is the addressing step. We can start with addressing
a row of nanocrystals as a proof of concept. To achieve that, a normal plain
ITO substrate is used as the counter electrode. By applying a potential bias on
one line of ITO on the nanocrystal array against the ITO counter electrode, it is
possible for the electron injection/retraction to only occur on the selected line
of nanocrystals. For more precise addressing, we propose using a similarly
photo lithography-patterned ITO as the counter electrode. In this case, by
selectively applying a potential bias between two perpendicular lines of ITO
on the working and the counter electrode, it is possible to only change colours
on the single particle at the crossing point. Ideally, it would be possible to
achieve single particle level colour addressing through our proposed method.
The result can be characterised either through spectroscopy for minor peak
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FIGURE 6.11: Proposed experimental steps for STEPD assembly of addressable
single nanocrystal arrays.

.

shifting or photography for visible colour changes.

However, many aspects of the details need to be carefully considered for
successful single particle addressing. For example, we need to carefully design
the spacing between each ITO line to make sure only one row of nanocrystals
per ITO line. It is also necessary to carefully control the applied potential
bias to prevent misaddressing of nearby nanocrystals. Finally, it is also a
challenge to control the relative position of counter and working patterned
ITO electrodes at the micrometre level. For what it is worth, with a successful
assembly of addressable single nanocrystal arrays, it can be adapted into many
areas of application such as logic gates, information storage and sensing.
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6.3 Tuneable Polymer-Metal Based Anti-Reflective

Metasurface

In this section,iv we introduce the study and perspective of tuneable
polymer-metal based anti-reflective metasurfaces. The idea is derived from
the anti-reflectivity of a gold film covered by poly-aniline coated gold
nanospheres (Au@PANI). The metasurface is fabricated by dip-coating an Au
film into an Au@PANI solution. The resulting samples show a 98.5%
anti-reflectivity of light at the wavelength of 550 nm. During our experiments,
we found that it is important to control the coverage rate of the particles on
the surface to finely adjusting the anti-reflectivity. Therefore, we propose
using our STEPD assembly method to make well-ordered arrays of
Au@PANI. The particle-on-surface coverage rate can be controlled by
designing the inter-particle distance during EPD template fabrication and the
resulting array properties can be predicted by COMSOL simulation. With
further optimisation, we believe a nearly perfect anti-reflective metasurface
can be fabricated with a combination of Au@PANI nanocrystals and the
STEPD assembly method.

6.3.1 Polymer-Metal Based Anti-Reflective Metasurfaces

The interaction between nanocrystal and substrate is another worthy re-
search direction for our STEPD assembly product. The plasmonic metasurface,
a sub-wavelength thick surface constructed by plasmonic materials, is of
particular interest for its applications in anti-reflective coatings. By tuning the
material’s optical property and geometric structure, a plasmonic metasurface
can be finely adjusted for near-perfect anti-reflection at a given wavelength.
In collaboration with Dr. Yannic Brasse, we studied the anti-reflective per-
formance of polyaniline (PANI) coated gold nanospheres on a gold mirror

ivThis section is adapted from our co-authored publication: Yannic Brasse, Charlene
Ng, Michele Magnozzi, Heyou Zhang, Paul Mulvaney, Andreas Fery, and Daniel E.
Gómez, “A tunable polymer–metal based anti-reflective metasurface,” Macromolecular Rapid
Communications, vol. 41, no. 1, p. 1900415, 2020. DOI: 10.1002/marc.201900415. (Figures and
texts in this section are adapted with permission from the author and publisher.[18] Copyright
2020, Wiley-VCH)
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substrate.[18] The goal of this project is to develop a wavelength tuneable anti-
reflective metasurface.

In this experiment,v we synthesised gold nanospheres with a diameter of
83.7 ± 2.8 nm as the core particle.[19] Then, a layer of PANI with a thickness
of 31.5 ± 2.8 nm is coated around the gold nanospheres by polymerising
aniline around gold nanospheres in the presence of HCl and ammonium
persulfate.[20] The resulting particles (Au-PANI) are characterised by TEM
as shown in figure 6.12a. After that, a hydrophilised 200 nm thick gold film
substrate is submerged in the Au-PANI solution for 48 hours to allow particle
sedimentation on the gold film. A schematic representation of the Au-PANI
covered Au film system is shown in figure 6.12b (bottom).

FIGURE 6.12: Results of an Au-PANI covered Au film as an anti-reflective
metasurface. (a) TEM characterisation of PANI-coated gold nanospheres. (b)
Digital photo of Au-PANI covered Au films with 24% coverage (left) and 53%
coverage. (c) Reflection spectra of an Au-PANI covered Au film.(d) AFM
characterisation of the two samples from (b). (e) Photo of the Au-PANI covered Au
film (24% coverage) treated by HCl (top left) and NaOH (bottom left), reduction
state of PANI (top right) and oxidation state of PANI (bottom right). This figure is
credited to Dr. Yannic Brasse and adapted from our co-authored publication.[18]

.

During our experiments, we found that the resulting colour of Au-PANI
covered Au films are dependent on the duration of immersion and the con-
centration of Au-PANI colloid. When the Au film is immersed into a low
concentration of Au-PANI solution, the resulting colour is red under normal
reflection (Figure 6.12b (top left)). This colour can be easily explained by the
reflection spectrum for this sample as shown in figure 6.12c. The reflection
spectrum is taken using a specular reflectance angle and is normalised to the

vThis part of the experiment is credited to Dr. Yannic Brasse with my contribution in EPD
assembly, COMSOL simulation and CIE colour prediction.
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reflectance of a 200 nm gold film. A pronounced anti-reflection valley (≈ 1.5%)
at 550 nm is observed. The low reflectance valley of the Au-PANI covered Au
film sample can be caused by the plasmonic property of gold as well as the
interference effects between gold nanocrystals and the gold film. Due to the
pronounced extinction of green light and a relatively higher reflection at longer
wavelength regions, a red colour will be observed on the Au-PANI covered Au
film sample. However, when the Au film is immersed in a high concentration
of Au-PANI solution, the resulting colour changes to goldenish-yellow (Figure
6.12b (top)). With further surface characterisation by AFM (Figure 6.12d), we
find that the Au-PANI coverage on the red film in figure 6.12b is ≈ 24%, and
the Au-PANI coverage on the yellow film in figure 6.12b is ≈ 53%. Therefore,
we believe that it is important to control the coverage of Au-PANI particles on
the Au film to achieve a desired anti-reflective wavelength.

The colour of the Au-PANI covered Au film sample can also be varied by
the dielectric property changes of PANI. From previous reports, PANI exhibits
strong pH- and potential-dependent optical responses.[21] The refractive in-
dex of PANI can be varied by the presence of H+ or OH− and by the reduction
or oxidation state of the PANI. The wavelength-dependent refractive index of
PANI under different acid-base conditions and redox conditions are measured
by ellipsometry and are presented in the appendix of this chapter. Because
the extinction cross section of the metal nanocrystal is also a function of the
dielectric function of the surrounding medium (Equation 2.5), changes in the
dielectric function of PANI can affect the extinction of the core nanocrystal.
This leads to changes in the reflection property of the Au-PANI covered Au
film system. The result is shown in figure 6.12e. As we can directly observe,
the colour of the sample switches from red to greyish-green when the pH
condition is changed from HCl to NaOH, respectively. A similar colour
switch is also observed when a redox reaction happens to the PANI from
the reduced to the oxidised state. This change of colour is attributed to the
change in refractive index when the polymer structure of PANI is switched
from emeraldine salt (under HCl) to emeraldine base (under NaOH) or from
leucoemeraldine (reduction) to pernigranline (oxidation).

We conclude from our experiment that a highly anti-reflective (98.5% anti-
reflection at 550 nm) surface can be constructed by covering a gold film with
poly-aniline coated gold nanospheres. The anti-reflectivity and its targeted
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wavelength can be affected by the surface coverage percentage of Au-PANI
nanocrystal on the Au film. The anti-reflectivity and its targeted wavelength
can also be tuned by controlling the dielectric property of PANI under different
pH and redox states.

6.3.2 Prediction and Perspective on Arrays of Polymer-Metal

Nanocrystals

The results from the last section indicate that the surface coverage percent-
age of Au-PANI on Au film is important to control to target the anti-reflectivity
to a certain wavelength. However, it is hard to finely control the coverage
percentage by the dip-coating process. And it is easier to predict the optical
property as well as anti-reflectivity quality of a highly ordered metasurface
structure.

Here we propose the idea that Au-PANI nanocrystals can be assembled by
our direct EPD assembly method to achieve highly ordered and coverage-
controlled arrays to improve the anti-reflectivity of the product. The coverage
of Au-PANI nanocrystals on Au film can be controlled by adjusting the spacing
between each cavity. Furthermore, the optical property of the well-ordered
arrays can be predicted by COMSOL simulation.

Figure 6.13 shows the COMSOL model that we used to simulate the Au-
PANI on Au film arrays. The COMSOL package we use is the Wave Op-
tics Module, Electromagnetic Waves, Frequency Domain. The geometry is
designed in 3D as shown in figure 6.13a. It is a two-port model where
an x-polarised excitation wave comes from the top of the cell (port-in) and
propagates through the cell. The cell is built with 5 domains as pointed out in
figure 6.13a. The periodic boundary condition is applied to the opposite facing
boundaries along the x- and the y-axis. Therefore, during the simulation, the
model can be considered as a well ordered array of Au-PANI on a 200 nm-thick
Au film with centre-to-centre particle distance ofD as indicated in figure 6.13b.
To simplify the simulation, we used the integer number from experimental
values of Au-PANI nanocrystal sizes in our simulation, where the diameter of
a gold nanosphere is 80 nm and the thickness of the PANI shell is 35 nm. The
amplitude of the excitation wave is set to be 1 V/m. The refractive indexes
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FIGURE 6.13: COMSOL simulation model for Au-PANI on Au film arrays. (a)
The geometry and domain definition of two port simulation cells. (b) Schematic

image of Au-PANI on Au film arrays
.
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of air and glass are set to be 1 and 1.5, respectively. The refractive index of
gold is adapted from Johnson and Christy and the refractive index of PANI
is imported based on experimentally measured results from ellipsometry (See
the appendix at the end of this chapter).

FIGURE 6.14: COMSOL simulation results of the Au-PANI nanocrystal on Au
film with different centre-to-centre distances D from 150 to 450 nm (colour bar on
the left). Four sets of simulations are carried out based on the measured dielectric
function of PANI under conditions of (a) HCl, (b) NaOH, (c) reduced state, and
(d) oxidised state. The corresponding CIE colour is predicted and presented on

the right side of each spectrum.
.

COMSOL simulation results of the Au-PANI nanocrystal on Au film are
presented in figure 6.14. We plotted the reflection spectrum as a function of
inter-particle distance D under 4 different PANI conditions. The colour bar
on the left of figure 6.14 indicates the D value for each spectrum from 150 nm
to 450 nm. The CIE colours of each spectrum are predicted by our CIE code
(See the appendix at the end of this chapter) and presented on the right side of
each spectra group. Generally, all four sets of simulations show that reflectance
increases when we increase the inter-particle distance. This means that a better
anti-reflectivity should be achieved with a relatively higher Au-PANI coverage
percentage.



6.3. Tuneable Polymer-Metal Based Anti-Reflective Metasurface 209

Reading from figure 6.14, we could predict the optimum inter-particle dis-
tance under each PANI condition for the best anti-reflectivity for a certain
wavelength of light. In the case of HCl (Figure 6.14a), two anti-reflective
valleys can be observed in the spectrum when D is between 150 to 180 nm.
Within this range, the array shows nearly a 100% anti-reflectivity of light
at wavelengths of around 530 nm and 800 nm. The colour of the array is
predicted to be yellowish-brown. However, when the dielectric function of
PANI in a NaOH condition is applied (Figure 6.14b), a different reflection
spectrum and colour are simulated. A broad anti-reflection valley is observed
when D is between 170 and 200 nm corresponding to a wavelength of light
around 530 nm to 590 nm. The colour in this range is predicted to be violet.
For the reduced state of PANI, a sharp anti-reflection valley is calculated for
all D values we used. An anti-reflectivity of nearly 100% can be achieved with
D values from 150 nm to 280 nm. However, the wavelength at the lowest
reflectance shifts from 520 to 580 nm. Finally, for PANI under an oxidised
state, a broad anti-reflection valley is observed again when D is set from 180 to
220 nm for light with wavelengths from 600 nm to 650 nm.

FIGURE 6.15: Dark-field image of an STEPD assembled array of Au-PANI
nanocrystals.

.

In order to support the proposed idea of assembling spatially-controlled
anti-reflective metasurfaces, we also tested the feasibility of STEPD assembly
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of Au-PANI nanocrystals. The hydrodynamic size of the Au-PANI nanocrystal
is measured to be ≈ 150 nm by DLS and the zeta potential of the Au-PANI
nanocrystal is measured to be ≈ −50 mV (stabilised by SDS). The STEPD
setup is the same as we described in chapter 2. Note that, as a test for proof of
concept, we still use an EBL patterned ITO-PMMA as the assembly substrate.
The Au-PMMA substrate may also be used with proper optimisation of EBL
conditions, gold film thickness and EPD parameters. During the assembly, a
positive potential (+4.5 V) is applied to an assembly of negatively charged Au-
PANI nanocrystals. The result is shown in figure 6.15. Figure 6.15 is the dark-
field image of an array of Au-PANI nanocrystals assembled by STEPD. The ar-
ray shows uniform greenish scattering which correlates to the single Au-PANI
particle scattering spectrum around 550 nm as previously reported.[20] Due to
the global pandemic outbreak, we were not able to proceed to the next step
of the experiment. However, the results shown in figure 6.14 and figure 6.15
indicate that Au-PANI nanocrystals can be assembled into single nanocrystal
arrays via the STEPD assembly method. With further exploration of STEPD
assembly on an Au-PMMA substrate and optimisation of EPD parameters
for designing inter-particle spacing, we believe an improved anti-reflective
metasurface composed of Au-PANI nanocrystal arrays can be achieved.

6.4 Summary

In this chapter, we introduced three potential applications that can be
achieved by STEPD assembly of single nanocrystal arrays. Based on existing
results and reports, we proposed perspectives to improve each project by our
STEPD assembly method. Firstly, the Au@Pd nanorods are found to have a
reversible optical response in the presence of hydrogen gas. Thus, an array of
assembled Au@Pd nanorods holds the potential to be a reliable and adaptable
chip for hydrogen gas detection. Secondly, the "colour" of a single gold
nanorod can be adjusted by applying a potential bias to inject or withdraw
electrons from the nanorod. By properly designing the ITO substrate, it is
possible to achieve an array of gold nanorods with the ability to address a
single particle by applying a potential bias. Finally, Au-PANI covered Au
films shows promise to be applied as an anti-reflective metasurface for a
certain wavelength. An array of Au-PANI nanocrystals can finely control the
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coverage percentage of Au-PANI on Au film to achieve a predictable,
adjustable and nearly perfect anti-reflective metasurface. We hope these three
proposed applications can also serve as examples to induce more applications
derived from our STEPD assembly method.
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6.5 Appendix

Reflective Index of Poly-Aniline

FIGURE 6.16: Ellipsometry measured dielectric functions for polyaniline under
different conditions. The measurement is credited to Dr. Yannic Brasse and co-

workers.
.

Matlab Code for CIE Colour Conversion.

Here we provide the MatLab code we used to convert the COMSOL
simulated reflection spectrum to CIE colour under the illumination of a D65
lamp.vi

Four files that were used to determine the XYZ coordinates and
illumination light source can be provided upon request. (XYZ_RGBs.txt,
XYZ_bar_CIE_2deg.txt, CIE-D65_Data.txt, and CIE-A_Data.txt.)

viThis code is credited to Dr. Timothy D. James and Dr. Muhammad Faris Shahin Shahidan
with minor modifications.
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FIGURE 6.17: CIE graph acquired in Matlab.
.
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Chapter 7

Conclusions

Arbitrary unit nanofabrication has drawn great interest for its ability to
precisely fabricate single nanocrystal arrays. The fabricated arrays can transfer
the outstanding properties of nanocrystals onto solid state devices for practical
applications. Conventional top-down fabrication methods, such as physi-
cal vapour deposition, have already shown potential for fabricating metal
nanocrystal arrays in various applications such as metalens, security features
and sensors. However, current top-down fabrication methods are limited to a
small range of materials and the challenge is to effectively assemble colloidal
nanocrystals. In recent years, another direction of nanocrystal fabrication has
come into the spotlight - direct assembly. Direct assembly is a method of
directly assembling nanocrystals from solution onto a pre-designed solid sub-
strate. The goal is to preserve the original morphology and properties of the
nanocrystals after assembly. The key to successful direct assembly is to apply
a proper external force to drive nanocrystals onto the designated location on a
substrate. Many direct assembly methods have been developed. They can be
classified according to the type of external force used during assembly, such
as capillary force assembly, electrostatic assembly, optical printing and DNA-
assisted assembly. Each method has its own advantages in the assembly of
nanocrystal arrays.

In this thesis, we developed a direct assembly method which is based
on electrophoretic deposition of nanocrystals. We call it Surface Templated
Electrophoretic Deposition (STEPD) assembly. The principle of the STEPD
assembly method is based on the electrophoresis of charged nanocrystals in an
electric field. An electric field force drives nanocrystals towards an electrode
with opposite charge. By selectively covering the electrode by a patterned
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insulating layer, the nanocrystals are eventually deposited onto the exposed
area of the substrate. The goal of this thesis is to develop the STEPD assembly
method as a universal, robust assembly method for highly controlled, large
area single nanocrystal array fabrication with nanometre precision.

We firstly designed a new EPD cell as described in chapter 2. The cell is
designed in a "sandwich" structure. Two ITO-glass substrates are placed in
parallel. They are separated by a 3D-printed block with a liquid chamber in
the middle and fixed by two more 3D-printed covers on the top and bottom.
The cell is also designed to fit under optical microscopes in order for in situ
observation of the EPD process. We use a PMMA-coated ITO-glass as the
substrate for nanocrystal deposition. Electron beam lithography is used to
pattern the PMMA layer to generate the array of cavities.

The first question we would like to address is "Can we assemble nanocrystals
via EPD assembly onto the pre-patterned templates at the single particle
level?" In chapter 3, we started our exploration by assembling gold nanocrys-
tals. Gold nanospheres and gold nanorods were successfully assembled into
arrays by our STEPD method with nearly 100% single particle per cavity fill-
ing. The cavities need to be carefully designed to control the gold nanocrystal
deposition by size, shape and orientation. We also find that applied electric
field strength and electrolyte concentration are two key parameters to control
the EPD process. Finally, we successfully assembled a logo of the University
of Melbourne using an array of gold nanorods to demonstrate the ability of
STEPD method to create complex patterns. In addition, a millimetre-scale "Au"
elementary logo is assembled with over 1 million gold nanocrystals to prove
the scalability of our STEPD assembly method.

The second question we would like to answer is "What factors determine
the fidelity of STEPD? i.e. can we optimise the process to enable it to be robust
and reproducible?" More specifically, we would like to understand why the
orientation of the gold nanorods in the array can be perfectly controlled by the
orientation of patterned templates. In chapter 4, we find that gold nanorods
can be assembled standing vertically with respect to the substrate when square
cavities are used. The electric field-induced dipole moment of the nanorod is
found to be the key factor controlling the nanorod orientation during EPD.
With the help of COMSOL and DPD simulation, we were able to understand
that both the polarisability of gold nanorods and the polarisability of the
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electric double layer can contribute to the induced dipole. The induced dipole
is experimentally adjusted by the applied electric field strength and electrolyte
concentration. In addition, the ability to form vertically-standing single gold
nanorod arrays provides another degree of freedom to fabricate more complex
nanostructures. The resulting vertical arrays allow us to explore the plasmonic
and optical properties of such unique structures from the nanoscale right up
to millimetre length scales.

Based on this understanding, we propose the basic process of our STEPD
assembly: (1) Charged nanocrystals in the solution migrate towards the sur-
face of the electrode under the influence of an electric field. (2) The contrasting
electric field on the surface of the patterned template guides the nanocrystals to
deposit onto the desired spot. (3) Nanocrystals with anisotropic geometry (i.e.
rods) will experience a vertical landing altitude during the deposition step due
to an electrically induced dipole moment. (4) Finally, anisotropic nanocrystals,
such as nanorods, lie down along the orientation of the cavities due to further
electric field attraction.

The next question we would like to explore is “Can STEPD be applied to
a range of sizes and shapes of different nanocrystals?” The universality of
our direct EPD assembly method is very important to be studied. In chapter
5, we demonstrated assembly of many types of nanocrystals including gold
nanocrystals with different sizes and shapes, magnetic Fe3O4 nanocrystals,
fluorescent organic nanoparticles and semiconductor quantum dots with dif-
ferent photoluminescence. We also find that there is a minimum size limit
for our STEPD assembly. Small nanocrystals (approximately diameter < 20
nm) are hard be assembled by our EPD method due to a relatively low total
charge on the nanocrystal which results in a low driving force, in addition
to a strong Brownian motion moving against the electrophoretic motion. We
bypassed this minimum size limit by polymer-coating to form a cluster of
small nanocrystals or silica-coating to increase the single particle size.

The final question we would like to raise is "What new applications can be
delivered by using STEPD?" The ultimate goal of any nanofabrication method
is to be used in practical applications. In chapter 6, we propose three potential
applications that are derived from our STEPD assembly method. An array
of Au@Pd nanorods can be developed into a highly sensitive hydrogen gas
sensor. An array of gold nanorods with a specifically patterned ITO substrate
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can be used for electrical addressing at the single particle level. A spacing
controlled array of Au-PANI nanocrystals can be used to improve the anti-
reflectivity of an Au-PANI covered Au film metasurface. As a perspective,
we hope these three proposed applications can serve as examples for further
development of our STEPD assembly method.

In summary, in this thesis, we systematically studied the assembly of single
nanocrystal arrays by the electrophoretic deposition. Firstly, we proved the
feasibility of using our STEPD method to assemble single nanocrystal arrays.
Then, the parameters and theories behind the results are also studied for
better understanding and better control of the assembly process. In addition,
we proved the universality of our STEPD method to assemble most types of
nanocrystals. Finally, we proposed the potential applications derived from
STEPD-assembled single nanocrystal arrays. We believe our STEPD assembly
method holds great potential to be one of the best nanofabrication methods for
single nanocrystal arrays.
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Thank you so much for reading this thesis. I hope you enjoyed it.

With collection of six infinity stones of QD Arrays, I wish you all the best!
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