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Abstract

The work presented in this thesis focuses on théhsgis of nanomaterials, formulation and
printing of Ag nanoparticle and nanowire inks faotdistinct applications: a) inkjet printing
of Ag nanoparticle films on ceramic substrates with aim of providing a smaller size of
printed feature at lower cost than that can beioétawith the conventionally used screen
printing, and b) Ag nanowires films prompted by thigle quest of electronics industry for
materials with increased flexibility, lower costdahigher transmittance to replace indium tin
oxide.

Ag nanoparticles with a size of 50 nm were succdlys$ynthesized and dispersed in
aqueous medium. Two preparation routes were cordpararder to distinguish the effects of
solvents treatment of particles and their influeanethe suspension characteristics including
Ag loading, rheology, surface tension and latereleetrical film properties. The co-polymer
Pluronic F127 was found to be an effective as bilgtar leading to the formulation of high
silver loading in inks.

The processing and characterization of silver filwes performed. The aim was to
reduce the number of layers in the silver nanoglagifilm by increasing the thickness of a
single layer with the goal of obtaining a dense aadductive film. An increase in the Ag
loading, from 5 wt % to 45 wt % favoured the aclei@ent of denser and thicker film with
one layer printing. Addition of Si£xo the ink formula resulted in denser structure better
adhesion of the printed track then the one witl®Q%.

A new method for improving the morphology of inkjptinted tracks has been
proposed by printing the ink into the structuredrutels with predefined topography.

Silver nanowires were synthesised and dispersaaethanol with help of copolymer
F127. They were subsequently deposited on plasticgéass substrates forming conductive

and transparent films.
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Chapter 1

Introduction

1.1 Context of the research
Printed electronics is a term that describes thetipg of circuits which include various
components, e.g. antennas, diodes, transistors, witt liquid source materials on the
surface of paper, plastics or ceramics. Printedtrrics is consisted of various fields,
including semiconductor device physics, ink chemisand formulation, and printing
technology. There has been growing interest indidneelopment of printed electronics as a
potential application of inkjet technology. The addas to replace the conventional
photolithography-based semiconductor manufactumwvith printing technology. Printed
electronic can potentially reduce the process cerifyl as the pattern deposition is used to
deposit the film directly. It opens a new world lafw-cost printed circuits based on
conductive, semiconductive and dielectric printedterials aiming at high-volume market
segments. Among the broad printed electronic teldignes, there are various techniques for
producing conductive components, one of them, peoynising, is inkjet printing technique.
The inkjet printing is a technique where inks ar@ted only at the locations where
they are desired. It is a non-contact process wtiexethin or thick structures are created
under computer control. While the printing procesaee applied, the main cost consumption
in printing electronics, are inks used to produoe ¢lectronic components. The innovations
in materials to enable printing depend mainly owamges of material science that can
produce functional inks. Inkjet printing must bensmlered as a complete system, bringing
together a number of disciplines, such as matestance, engineering, software, and
electronics. The main challenges apply to featuze, gesolution, productivity, and drop

placement accuracy.



Since there is no such a thing like an univerdal many factors have to be taken into
account, namely, functionality, print quality, dngi time, adhesion, and jetting characteristic
including viscosity, surface tension, particle sized stability of the ink. The smaller size of
the printed feature enables the use of inkjet imgnin functional printed electronics.

Increasing the print resolution by decreasing the sf the drops and improving their
accurate place is still a challenge. Joining tliectfof surface treatment of the substrate and
the unique rheology behaviour of the ink might léadeduced feature size.

Another huge attention in electronic industry isdp@ the materials that show high
electrical conductivity and optical transparencyheTmost extensively used material for
transparent electrodes is indium tin oxide (ITOpwdver there has been a quest to look for
materials with improved bending, lower cost andhbigtransmittance that can replace ITO.
Towards this objective, various types of new matsrhave been developed among which

carbon nanotube (CNT) films, graphene films andnagowires.



1.2 Thesis Objectives

The aims of this thesis are: 1) to develop higldilog aqueous Ag nanoparticles ink for inkjet

printing and 2) to develop a new method to degugitly conductive transparent Ag coating.

Towards these, the objectives are:

1.

2.

To develop new chemical methods for the syntheksver nanoparticles and nanowires.

To formulate and optimise silver inks suitableifdt jet printing application.

. To understand how the fluid ingredients influenige silver suspension, the film density

and morphology.

. To assess the behaviour of inks and develop pres€gting parameters).

. To investigate the influence of substrate surfacedition on the morphology of the

subsequent printing features.

. To evaluate the performances obtained on the imkdta including functional properties.

. To investigate inkjet printing of a silver nanopa# ink onto a predefined topography

pattern in a surface (embossed structures).

. To synthesize and formulate a silver nanowire flamdl deposit it onto transparent plastic

substrate.

. To compare the transparency and conductivity ohAgowire coating with ITO coating.



1.3 Thesis structure
The thesis is presented in nine chapters. Chapterdh introduction to the topic of the
research.

Chapter 2 focuses on the Literature review. Infiisé¢ section of the literature survey,
the conceptual basis for printed electronic andntle&vation for the technology is discussed.
Section 2 covers the fundamental aspect of inkjettipg including the technology trends
and challenges. Section 3 focuses on ink chemigtrgiiscusses the principal issues that
control the overall performance of the ink. In s@tt4, synthesis of silver nanoparticles and
nanowires as well as their application is revived.

Chapter 3 summarises all the experimental procedted were employed within this
project.

The results and discussion regarding synthesigvalr s1anoparticles and influence of
various factors on size and morphology of the fpralduct are presented in Chapter 4.

Chapter 5 focuses on the results obtained froneraxents on high loading Ag ink
development, where ink formulation and charactédeds discussed.

In Chapter 6 the results of experiment in imprgvphysical properties of the silver
film, and the effect of Si@on hardness, adhesion and resistivity are analysed

Chapter 7 focuses on improving the resolution afitpd features and describes the
experimental details of inkjet printing of a silveranoparticle ink onto a predefined
topography pattern in ceramic substrates.

The following Chapter 8 presents and discussesethdts obtained from experiments
of Ag nanowires synthesis and their deposition lasgjand plastic substrates.

Chapter 9 summarizes the major conclusions ofwioik and suggests further work

in this area of the research.



Chapter 2

Literature Review

The aim of this chapter is to cover the developma&ntechnologies, nanomaterials and
nanofluids research that have led to the presemiegqir In this chapter an overview is
presented of what has been done within the priatectronics area. An introduction to the
synthesis of nanoparticles and ink chemistry iggifollowed by a background to an inkjet
printing technology including the trends and chadles. Silver nanowires synthesis and

processing will be also discussed.

2.1 Printed electronics

2.1.1 Motivation
The first printing revolution started with Johanr@&stenberg in the 1440’s. The information
stored in books stabilized scientific discussiod arade it possible to refer to books [1]. The
second printing revolution came with the Internet grivate printing making paper and
books old fashioned and reformed our society amehese all the time. The third printing
revolution is still approaching. Around five hundrgears after the first, this revolution
integrates the achievements of the printing ingustnd those of the electronics and
digitalization world. Printed electronics opens tlaor to a future of electronic innovations
that are lightweight, flexible, and could be proddomn cheap materials such as paper or
flexible film. Printed electronics is a term thasgribes the printing of circuits which include
various components, e.g. antennas, diodes, trarsisetc., with conductive ink on the
surface of paper, plastics or ceramics.

There has been growing interest in the developnoénprinted electronics as a

potential application of inkjet technology. The addas to replace the conventional
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photolithography-based semiconductor manufactumvith printing technology. This is
motivated by the fact of low-cost means of depogiink at the location where it is desired.
That led to high-throughput production of electmmievices that are lightweight, small,
flexible, inexpensive, and disposable [2]. For fedtion conventional electronic systems,
photolithographic process is used. In order to terem pattern the process steps can be
summarised as follows [3]. The first step is thectbnic material deposition on the
substrate, usually using chemical vapour depositiophysical vapour deposition. Then the
substrate is coated with photoresist and the excés®lvent is removed by heating the
substrate at a temperature that depends on theorpht utilised. The photoresist is
subjected to ultraviolet (UV) light through a maskntaining the desired pattern. The
photoresist is then developed revealing the patt@rehemical agent (typically acid, e.g.
hydrofluoric (HF) or hydrochloric (HCI)) is then ed to etch the deposited film and the
material in the areas not protected by photoresistmoved. The remaining photoresist is
then removed to expose the patterned film. In tachnique, the numerous steps that are
required to create a single patterned film increédgecomplexity of the process. Although
this process is suitable for the fabrication ofgtavolumes of devices, there is a limit of
printed patterns and the disadvantage of a big atnaiuwasted material [4]. Moreover, the
energy consumption is high [5] and dangerous naseaire used in the etching step.

Printed electronic can potentially reduce the pssceomplexity as the pattern
deposition is used to deposit the film directly,iethmeans the overall process has reduced
from seven steps per pattern layer to ideally @glsirstep. This leads to reduced capital
expenditure where the cost per unit area of prieledtronic is expected to be one to three
orders of magnitude less than the cost per und afgphotolithography process. However
printing electronics are attractive as a meansadfi¢ating electronic system with low

functional density, where the high performance @fwentional electronics is not required. It



opens a new world of low-cost printed circuits lshe® conductive, semiconductive and
dielectric printed materials aiming at high-volumarket segments.

While traditional printing processes are appliglde tmain cost consumptions in
printing electronics are inks used to produce tleetenic components. The innovations in
materials to enable printing depend mainly on tdgaace of material science that can
produce functional inks. Among the broad printegcebnic technologies; there are various
techniques for producing conductive componentshasys in table 2.1. The inkjet is one of

them and will be discussed in more details in ®ach.2.



Table 2.1 Comparison of technologies of printedtetmics for conductive features [6]
Printing technology Advantages Disadvantages

* Set up technology at * Expensive due to

Screen Printing inks for printed amount of needed
electronic material
* Low-cost equipment
and inks
* Printing thin filmsang e Low throughput
Inkjet fine features * Complex system
* Manageable to
prototyping

» Digital customization
* Individual design of
equipment for

electronics
* Non-contact method
Gravure * High speed * High set-up costs

* High definition of
printed features

* Possibility of printing
on various substrates

Flexography * Lower technology * Instead of printing a
costs than gravure dot it prints a ‘donut’
printing » Exposed to ‘halos’

e Relatively good effect
resolution * Possible inconsistent

release of ink.

Offset * High throughput * Thickness limited to

Lithography « High resolution less than um

* Additives used in
graphics printing
might negatively affe
electronic painting

Pad Printing » Possible printing of e Low throughput
irregular * Not a large scale
» Configurations process
Spin Coating » Easy experiments set e+ Poor resolution
up for testing basic e Not a commercial
properties scale process for
e Non- contact method printed electronics.




2.1.2 Application of printed electronics

Printed electronics utilise liquid source of elexlly active materials that can be used as a
conductors, semiconductors, and other functionaknas. Flexible displays are one of the
promising applications of printed electronics. Thaye light weight and have high
mechanical reliability. Electronic printing can b#lized for obtaining display elements, such
as:

- Liquid crystals displays (LCDS)

By using small organic molecules liquid crystal piiiys make use of a light switch
implemented [7].

- Organic light emitting diodes (LEDs)

Polymer LEDs (PLEDs) are diodes with light-emittipplymer sandwiches [8]. When
current flows through the diode, electrons and ©ioéeombine in order to emit a light [9].
The advantage of PLEDs is that it possesses muogblesi structure than LCDs.

- Electrophoretic displays

Sometimes called e-paper [10]. Applied externatag# to the cell causes the up and down
movement (depending on the voltage polarity) oftipias resulting in light and dark
appearance of the cell. They are potentially vamgatible with printed transistors, since
only low current driving is required, as the celtsnot emit the light.

- Printed radio-frequency identification (RFID) tags

Silicon based RFID are used in many applicatiomgluding management, inventory,

security and transit [11].

Printed sensors [11]

Printed transistors [12]

Printed semiconductors [13]

Printed dielectrics [14]



2.2 Inkjet printing technology

Inkjet printing is a technique where inks are mthtonly at the locations where they are
desired. It is a non-contact process where thedhihick structures under computer control
are created [15-17]. Since it is a non-contact watlihe material contamination possibly
produced in contact deposition is reduced. It Byda change the pattern design without the
use of expensive masks used in the case of scra@gm@. This results in a fast and cost
effective prototyping process. In addition, sinbe tmaterial is deposited only when and
where it is needed the wastage of material is \@ny In the continuing demand for finer
feature sizes the inkjet printing has emerged astaactive option for bridging the gap
between high resolution (1 um and below) which ikely to remain the province of
conventional lithography, and the ~1Qén resolution achievable with for example screen
printing.

Recently inkjet printing technology has been usexd fabricate polymeric
electroluminescence devices, controlled-releasg drlivery devices, and refractive micro
lenses made of hybrid organic- inorganic matefi$s20].

Developing material is the main challenge of prigtielectronics since various
conditions of the printing process have to be rikg low temperature deposition, high
throughput, interplay with other layers includingnapatibility of printed layers in terms of
wetting, adhesion and dissolving as well as dryamgcedures after deposition of liquid
layers, all having a large influence on the dewpetformance. The main requirement of
printed materials, besides actual electronic fmetiity, is their processability in liquid form,
i.e. solution, dispersion or suspension. Typicatigrganic materials used for printing are
dispersion of metallic micro and nano particleg. ailver, gold or copper particles in a

retaining matrix.
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2.2.1 Process
Two different categories of ink jet printer existdathey can be distinguished depending on
the ink delivery mode: continuous and drop-on-deain@oD) [15, 16, 21] and this is further

divided into subgroups (figure 2.1).

Inkjet
technology

Drop-on-

Continuous Demand

Undeflected Deflected Piezo Electrostatic Thermal

Binary Multiple Bend Shear Push Squeeze Top shooter Side shooter

Figure 2.1 Classifications of inkjet printing teatpmes, adapted from [22]

Continuous mode
In order to force ink to pass through an orificeniong a jet at the outlet high pressure is
applied. The ink flow breaks up into single droplétat are initially charged by electrodes
and then deflected by deflecting plates to beexktlt desired positions [22]. The ink must be
conductive as the droplet deposition on the sutestis controlled by the charge of the
functional material in the ink and plate charge][d3e formed drops are uniform and with a
size approximately double that of the orifice diéenén a range of 20-150 um [24, 25].
Compared to DoD technology, this technique offelggaer speed process and allows
large areas to be patterned in shorter periodsnef {26]. Figure 2.2 schematically represents

a continuous mode printer in inkjet printing prozes
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Print head Piezolelectric
transducer

Nozzle

:| |:| Charging electrode

Field
plates

Ink o
system Catcher

° Substrate

Figure 2.2 Schematic diagram of continuous inkjettpr

Drop- on-demand mode

In DoD mode the droplets are ejected only whenireduAs with the continuous method,
DoD is a non contact method. The droplet depositinrthe substrate is controlled by the
movement of the printhead across it [21]. When #age is applied, the piezoelectric
material changes shape, which generates a presauveein the fluid forcing a droplet of ink

to be ejected from the nozzle [15, 26]. A schemiapresentation of a DoD printer is shown

in figure 2.3.
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Driver
actuator
ink cavity
nozzle
: Ejected drop
e 00 o
ink reservoir - substrate
. Substrate motion

Figure 2.3 Schematic picture of a drop-on-demakdanprinter

In piezoelectric inkjet, a piezoelectric elemenamges its shape as a result of an
electronic pulse, inducing a mechanical pressura small amount of ink that will as a
consequence be forced out of the printing nozzespRctively, in the continuous inkjet, a
constant pressure is applied to the ink, produ@ngontinuous flow of ink that is then
controlled to produce differently sized ink droglefypically, the droplet sizes in inkjet
printing are in the scale of 50m - 60um and the obtained resolution scan exceed 1400 dots

per inch in home-market printers.

2.2.2 Working principle of piezoelectric printheads
When an electrical field is applied between opmositrfaces of piezo-ceramic plate, a

pressure wave is induced into a fluid resultinglioplet formation and its emission from the
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nozzle [27, 28]. The act of the pressure wave isviercome the surface tension of the fluid
retained at the orifice and to expel a stream qb@idl from the nozzle. Typical print
frequencies of DoD printers are in the range oft06.80 kHz. When a voltage is applied to
the piezoelectric element, which is usually madenftead zirconate titanate, it expands and a
pressure wave travels via the ink in nozzle ane@rwsr directions. A nozzle might be
considered as a closed end due to its small diametapared to the tube diameter, while
reservoir acts as an open end. In this case, #sspre wave that arrives at the nozzle orifice
is conserved and inversed when arriving at thervege[28]. The positive pressure wave is
amplified by the driving waveform to get a largesjpioe pressure peak at the nozzle, which
consequently fires a drop. The reflection and pgagian of acoustic pressure waves depend
on the printhead design, nozzle orifice diameted, properties of the materials.

The trapezoidal driving waveform, shown in figurd Pepresents a typical waveform
which is composed of voltage rising timye dwell timety and voltage falling time. It is
substantial for successful droplet ejection to fandalance between the applied voltage over

the piezoelectric element and the duration of thieg[28].

30 -
- 204 |
b :
o :
o)) .
3 :
S
0/
thoot, ot
. 1 L 1
0 20 40
Time (us)

Figure 2.4 Typical waveform with settings of vokaand pulse width, taken from [29]
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The settings of both, voltage and pulse width ghalarge effect on the formation of a
droplet. A minimum of voltage is necessary for debpejection. With larger voltage
amplitude, a larger volume change of the piezoeteetement in the same amount of time is
caused and a larger pressure wave is induced. vesudt, an ejected droplet is larger in
volume due to stronger fluid accelerations. Theuency is the rate at which the waveform,
pictured in figure 2.4, is repeated and has a gtiofluence on the velocity of the ejected
droplet [29]. Since the frequency affects the atiousave speed, it depends on the fluid

properties, particularly its viscous properties [6]

2.2.3 Trends and challenges [6]

The pace of innovation in industrial inkjet is vefast. Increasing the print resolution, by
decreasing the size of the drops and improving teiurately placing, was the main focus in
the past. Current attention is directed to:

- Increase the jetting speed

- Improve printhead reliability (i.e., less nozzlegding)

- Expand post processing techniques

- Achieving unique rheological behaviour of the ink

- Enhance the productivity

The smaller size of the printed feature enables ube of inkjet printing in functional
application such as printed electronics [30-32js Ilnuch desired to develop technology that
can producesmall drop size, below Lom.

With reducing the size of the drops, their surfaession increases. In order to
overcome this effect, the energy needed to ejechtitom the nozzle needs to be increased.

Moreover, as a droplet gets smaller; its surfaea & mass ratio becomes bigger and faster
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deceleration is required that consequently redtlcedlight path of the drapTo make it

successful, the great deal of effort is going osigning print head and ink formulation.

Today, the smallest droplet size, possible to ab&R0-50um in laboratory settings
[31]. Decreasing the nozzle diameter in order taioba smaller size of the drop jet allowed
inseparably integrate optimisation of the ink fotation and matching the ink — substrate
complex.

Facilitating the adoption of inkjet technology @siticrease the range of jettable fluids,
such as pigment textile inks, ceramic inks, metahianoparticles inks, and of three
dimensional (3D) plastic structures. That mighdoee by improving the physical properties
of the ink.

Inkjet printing must be considered as a complettesy, bringing together a number
of disciplines, such as material science, engingersoftware, and electronics. The main
challenges apply to feature size, resolution, amdiymctivity, and drop placement accuracy.
Since there is no such a thing like a universal mknber of ink’s properties have to be taken
into account, namely, functionality, print qualitgrying time, adhesion, and jetting
characteristic including viscosity, surface tensiparticle size, and stability. Reducing the
feature size might be achieved by joining the eftécsurface treatment of the substrate and
obtaining the unique rheology behaviour of the ink.

Accuracy of drop placement is still uncertain. hioprove that, a number of factors
have to be considered, such as jet-to-jet variasensitivity to nozzle straightness, nozzle
and surface wetting, nozzle plate contaminatiok fammulation, drop velocity, and ambient

air flow.
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2.3 Electrically conductive inks: preparation, requrements and properties

In inkjet printing technology, the major challenge the ink formulation. Reducing the
particle size to 50 nm or less is believed to impromage quality, resolution, and printhead
reliability [30]. In order to achieve optimal perfpance and reliability of the printing system
and to obtain the best printed pattern, the ink&ha meet strict physicochemical properties
(viscosity, surface tension, adhesion to a sulsstratc.). Typical ink suitable for inkjet
printing has viscosity between 1 and 30 mPa s. &hkaild behave as a true solvent (without
component separation during high acceleration anbet stable at room temperature (for
weeks without any sedimentation). The surface tendepends on the nature of the substrate
that is going to be used. For the hydrophobic aydtdphilic substrates the surface tension
varies between 25 Nfrto 50 Nni".

In order to disperse particles and, at the same, timnimize nozzle clogging it is
necessary to add a dispersing agent to the inkulatron. The amount of dispersant is a
function of the effective surface area of the péet to be dispersed. For a given weight
loading the effective surface area increases wghdecrease of the particle size, and hence
the larger the area to be covered by dispersantrj&jther words, the smaller particles the
more quantity of dispersant is needed.

In this section the basic matters that affect therall performance of the ink will be
discussed from the chemical point of view. Thatlides operation of the ink and its
requirements and properties. As well as the inkperties after printing , since they are also
to be taken into account while overall performarsceonsidered, what is a desired structure
of the film in terms of their physical strength atedighness, the adhesion attribute and the

surface properties of printed features are disclbsee.
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2.3.1 Ink formulation

There are two major techniques used to produceflugohg the single-step method and the
two-step method. In the two-step process, the patipa of the nanoparticles and the
preparation of the nanofluid are separated. Fasbparticles are synthesised and dried. After
that they are dispersed in liquid under stirring uttrasonic vibration. Various physical
treatment techniques are employed, including aestiran ultrasonic bath, an ultrasonic
disruptor or a high-pressure homogenizer to prepamfluids [33]. The biggest problem in
the two-step method is the tendency of individuaitiples to quickly agglomerate before
complete dispersion can be achieved.

The one-step method is based on the synthesisnopadicles directly in the fluid. A
few methods have been found in literatures forgreparation of nanofluids using one-step
method, for example thermal decomposition of araoagnetalic precursor in the presence of
stabiliser [34], chemical reduction [35], and wahding technology with bead mills [36].

Akoh et al. [37] developed the single-step direcaporation approach, so called
VEROS (Vacuum Evaporation onto a Running Oil Swsjrtechnique. Further modification
of this method was proposed by Wagener et al. [BBRy used higlpressure magnetron
sputtering for the preparation of Ag and Fe suspess The particles prepared with this
method were small (around 2.5 nm) and characteisedather narrow size distribution
compared for instance to those obtained with gagpa@wated particles. However particles
were oxidised to a high degree. Zhu et al. [39kented a novel one-step chemical method
employing microwave irradiation for preparing coppanofluids by reducing Cug®H,0O
with NaH,PO,*H ;0 in ethylene glycol. An advantage of the techniguthe narrow particle
size distribution with the mean patrticle size u2@nm, while the disadvantage is that some
residues from the reaction could be left in a rieactvessel affecting the later fluid’s

properties.
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2.3.1.1 Powder

Powder determines the characteristics of the finatluct as it is the only material left after
the removal of solvent and organic residues. Maisllwver nanoparticles and gold
nanoparticles are used in conductive inks due & tlow electrical resistivity and high
chemical stability. Copper and nickel particles Bgs chemical stable and tend to oxidise
easier than silver and gold. Although the pricecafbon nanoparticles is low they are
difficult to prepare in an industrial process ahédlit resistivity is higher than metal particles.

When the diameter of a particle is reduced, the tparticle’s surface to its volume
increases. As a result many metallic nanopartisteswv a dramatic reduction in melting
point, thus opening up the use of a wider rangsubftrates, including lower-cost plastics. It
has been shown that gold nanoparticles with siaarar 2 nm melt at 100 °C while melting
temperature for bulk gold is 1000 °C [40]. Decremsenelting point is very important for
conductivity of the printed films. The film formagking naoparticles might be annealed at
very low temperature resulting in the particleduse together. The higher concentration of
the particles in the ink the better contact betwparticles is achieved, which consequently
leads to well packed printed particles. As a resh# conductivity of the film obtained with
smaller particles becomes closer to that of budathvith large particles. Nanoparticles ink
has a number of advantages over micro scale pegtinok. Nano-sized particles conductive
inks can be ink-jetted, without the risk of clogginozzles, thus saving both material costs
and production runs.

In recent years, production of nanoparticles ha&nbevestigated. Nanoparticles with
the size smaller than 100 nm are often extremalylstin colloidal suspension which makes
them possible to load in high mass. However, aifsogmt decrease in particle size leads to
stronger agglomeration between themselves duegto density and extremely high surface

energy which in practise increases the difficulty groduce highly concentrated stable
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dispersions. Therefore it requires the developnoémtew dispersion procedures, including
selection of appropriate dispersants and tooldtain long-term dispersion stability.
Various techniques have been developed to synthéiséznanoparticles and they are

discussed in more details in section 2.4.1.

2.3.1.2 Dispersant

When the particles in nanosize are placed in ddiquedium, the colloidal forces are more
significant than the gravity force. As a conseqegnganoparticles tend to cluster and
agglomerate if they are not prevented to do sdidRamlmgglomeration causes the system to
change to the one with fewer and larger parti¢tence, it is necessary to modify the surface
of the particles so that the agglomeration candiayed. In order to prevent agglomeration of
particles in a liquid medium, dispersing agents ased. Dispersing agents increase the
repulsive forces between the particles to overcanee Van der Waals attractive forces.
Moreover, the dispersant can promote the breakhfgedchard agglomerates since it affects
the rheology of the dispersion [41-43]. In addititine presence of dispersants in colloids
decreases the amount of solvent needed and hasrease the solid loading. The selection of
dispersant depends mainly on the properties obtihgions and particles. Xuan and Li [44]
used salt to increase the stability of transforro@rCu and oleic acid for water-Cu
nanofluids. Oleic acid and cetyltrimethylammoniumornide (CTAB) surfactants were used
to ensure better stability and proper dispersioi@h-water nanofluids by Murshed et al.
[45]. Hwang et al. [46] used sodium dodecyl sulf@BS) for the preparation of water-based
multi-walled carbon nanotube. Common dispersargsrted in literature to formulate stable
Ag inks, include polyN-vinyl-2-pyrrolidone (PVP) and polyelectrolyte [47{ is a nature of
the particles to be dispersed as well as the sbthah decides which dispersant will work the

best in a given environment.
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F127, a triblock co-polymer consisting of poly(ddne oxide) (PEO)—poly(propylene
oxide) (PPO)-poly(ethylene oxide) (PEO) segmentarged in an ABA structure, was for
the first time used in the preparation of silvesensions in the present research work. F127
micelles have demonstrated to enable encapsulayidgphobic FgO; nanoparticles inside
their PPO cores and simutaneously the surface ef eihcapsulated nanoparticles was
intrinsically covered by a layer of free PEO chaiwkich enabled the K®; particles to be
colloidally stable [48]. Angelescu et al. [49] eropéd F127 as capping agent for the
synthesis of Ag nanoparticles showing its good ibsag properties. They suggested that
both moieties (PEO and PPO) may attach to the saidéathe Ag particles, and as the entity,
adopts several conformations. Firstly, the extenc@mt@formation of F127 along the surface
takes place at the initial interaction with the Agrticles. The adsorbed polymer is
subsequently replaced by the new polymers resultindgprush-like conformation which
consists of entrenched PPO moiety on the Ag suréexck stretched chains of PEO in the
solution. Secondly and conversely, a polymeric henaelle is formed when PEO chains are
attached to the surface and PEO moieties exhilitdphobic interaction. From the kinetic
point of view, such a surface coverage restraifgesidn of the particles due to the formed

layer of trailing chains which is unfavourably comgsed by the approaching particles [49].

2.3.1.3 Solvent

Traditionally organic solvents are chosen for thleformulation, mainly due to their low cost
and good compatibility with most of substrates tuéw surface tension and being quickly
dry on the surfaces. However in the use of organlgents may cause the environmental
problems in realistic industrial applications doetheir high volatility. Additionally, due to
being fast drying, the fluid can very easily blable print head nozzles. Most used solvents

for silver ink preparation are toluene, tetradecanel alfa-terpineol [50-52].
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In more recent times techniques to cast water-badesdhave been developed as an
alternative [53, 54]. The advantage of using waised inks is their low cost, environmental
and healthy aspects, as well as easy attainmeme¥y, the presence of water increases the
surface tension of the ink which might decrease dbbesion to the substrate. Usually,
additives such as wetting agent or treatment of silestrates are required to adjust the

wetting properties of the ink to the substrate.

2.3.1.4 Dispersive techniques
Particle size reduction and their dispersion camadieeved with various techniques, such as
ball milling or ultrasound methods. A ball millitgchnique consists of rolling a container
containing the fluid and milling media (normallyhsgical ceramic balls). During rolling, the
balls crush the powder and the energy of the impeedks the agglomerates of the powder.
Ultrasonic waves can be generated in a liquid suspe in two ways. The first, direct
sonication is based on immersing an ultrasound giiobo the suspension, reducing the
physical barriers to delivering the power to thepersion. In the second way, indirect
sonication, the ultrasonic waves are propagatedigir a bath containing a liquid before they
reach the sample container. Direct sonication igebehan indirect sonication when the
dispersing of dry powders is considered, as itdgeal higher effective energy output into the
suspension. Indirect sonication can be used taspend the powder which has been pre-
processed via direct sonication, or for particlest tmay be subject to unintended damage
under direct sonication (e.g., cleavage of singddl warbon nanotubes). The total amount of
energy (E) delivered to a suspension depends oappked power (P) as well as on the total
amount of time (t) that the suspension is subthé ultrasonic treatment (equation (2.1)).
E=Pt (2.1)
As a result, two suspensions treated for differtamies at the same power can show

significantly different dispersion states. For aegi system, optimal sonication conditions
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must be determined by estimating the effect of aetsa of sonication parameters on the
dispersion state [55].

A new technique for ink dispersion is High Intepskocused Ultrasound (HIFU)
(figure 2.5), so far broadly used in medicine fancer treatment, however in the present
work, for the first time, it was used for ink preggon. The basic function of HIFU is
disaggregation of particles, which is achieved bgasiting large amounts of energy into the
particle solution. The focused ultrasound is pradliasing a high power piezo-electric (lead
zirconate titanate (PZT)) material (transducer)egating high frequency vibrations (750
kHz). HIFU introduces several novel aspects: (1 High amplitude (up to ¥0Pa) and
frequency (~1®Hz) mean that as a beam propagates, it deforrdscam develop a "shock"
wave front, i.e. the non-linear propagation effe€¢®y Since the frequency of ultrasound is
increased from ~TOHz to ~18 Hz, the threshold value of strong micro scale siemt
cavitations is significantly increased. Therefdhe immense temperatures (approx. 5,000K)
and pressures (approx. 2,000 atggnerated by cavitation bubble collapse could be
alleviated. There’s no distinct temperature inceeas all [56]; (3) It avoids the possible
contamination to the fluid due to bead breakagenduball milling and the prolonged ball

milling process.
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Figure 2.5 Sketch of HIFU method [56]

2.3.2 Dispersion characterisation

2.3.2.1 Rheological properties of nanfluids
Rheology is the study of the flow and deformatiématter under conditions of applied force
[57]. The study of the rheological properties ok tparticle suspension is needed to
understand their behaviour, to optimize dispersamount needed for good particles
stabilisation, it is also helpful to understand idheal processing condition for inkjet printing.
The pioneers in the study of rheology are Newtah ldooke. Hooke observed that in
a perfect elastic solid, the material deforms unilerapplied forces and it relaxes when the
force is removed. The stored energy in the defaomaperfectly returned during the
relaxation. This phenomenon represents the elastiaviour.
In Newtonian viscous fluid, deformation resultsflow when the force is removed.
Here, the energy is completely consumed as heath#nepresents the viscous behaviour.
Kelvin and Maxwell proposed the theory which de$irtee behaviour of materials
with both the elastic and viscous characters.
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Figure 2.6 summarizes the categories of materibbnva stress is applied at a time t
Deborah number (De) is a ratio of relaxation timeand the experiment timg ¢equation

2.2) which influence the behaviour of the fluid.

D, »=1 (solid)

Material

L. ~1

D, =<1 (fluid)

Elastic behaviour

The deformation iz
fully recovered
when the apphed
stress 13 removed

Wisco-elastic
behaviour

The deformation 15
partially recovered
when the applied
stress 12 remowed
and fractionally

Wiscous behaviour

The deformation 15
completely
dispersed by
Howing when the
small stress 1z
applied

De=1t/ty (2.2)

used by flowing

-Hewtoman
-Dilatant
-Pzeudoplastic
-Bingham
-Tield dilatants

-Tield plastics

Figure 2.6 Classification of rheological behaviofimatter

The study of viscous materials (De<<1)
All fluids due to frictional forces between the racliles display a certain flow resistance
which can be measured as a viscosity [58, 59]. oéitg (h in Pa s) is a property of
suspension which is being deformed by shear sfeeissPa).

n=a/y (2.3)

Wherey is the shear rate (in‘sand it is defined as the speed of the deformation
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y=dy/dt (2.4)
The shear stress is defined as:
c=F/A (2.5)
Where, F is the amount of force applied to the daraper a certain area (A).
To measure the viscosity of dispersion a rotatiomstometer is used. The instrument can
work either, in control of the input stress, ortlbé obtained stress. Two main parts form a
viscometer, one of which is rotated, and the oft@tionary. The stress produced in a sample
by the part in motion and is transmitted to théi@tary one, at the end is recorded.
The most used geometries of the viscometer’'s partss called ‘cup and bob’ and
the ‘cone and plate’ (figure 2.7). It is possibdenheasure the viscosity with different time,

shear stress or shear rate.

a) b)

Figure 2.7 a) Cup and bob and b) cone and plategtwations

The flow behaviour of the fluid might be governegddomplex interaction including
hydrodynamic interaction between solid particled #me fluid, the attractive and repulsive
force between the solid particles and the parpeldicle interactions. The fluid can be

classified as a Newtonian fluid or Non-Newtonian.
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Newtonian flow behaviour

A fluid is said to be Newtonian if its viscositymains constant with an increase in shear rate.
Usually this kind of behaviour is observed in lowlecular liquids such as, water or mineral
oils. However, the presence of suspended nanolesriic expected to cause more complex

behaviour.

Non-Newtonian flow behaviour
When the viscosity of the fluid changes with arréase in share rate, the fluids are referred
to as Non-Newtonian. There is a further classificabf these fluids into shear-thinning and

shear-thickening flow behaviour.

Shear thinning behaviour

In this case the shear viscosity decreases with@agase in shear stress. This behaviour can
be explained by a gradual change from a disordered ordered structure while a shear rate
is increased. When the stress exceeding a yieleevial applied, the aggregated structure is
broken into smaller pieces and shear becomes easalting in lower viscosity. As the
attractive forces will tend to dominate bringingckahe original aggregates structure, the
apparent viscosity measured is the balance oftteardorces and the attractive forces. At a
very small shear rate the Brownian movements optrécles dominate and the system is in
disorder. With increasing the shear rate, the Brawmovements lose their importance as
the particles will rearrange following the flow amdl the sufficiently high shear rate, the

viscosity will not vary considerably with shearegal he plateau will be reached.

Shear thickening flow behaviour
In the phenomenon of shear thickening, the visgadithe sample increases with an increase
in shear stress. This can be explained by thetliattat low shear rate, the particles are kept

in a layered, closely packed structure where tiseotis shear forces are weaker than the

27



repulsive forces. With increasing the shear rageldlyer structure will be destroyed and as a
result more and more patrticles collision will occtihis friction creates a resistance to flow
which is measured as higher viscosity.

Figure 2.8 presents the summary of the rheologwwehr of a suspension resulting

from interactions of their particles.

Shear thinning
Mewtonian Fluid
Shear thickening

Shear Stress, o

Shear Rate, ¥

Figure 2.8 Rheological behaviour of suspension

Rheological measurements can provide some infoomatabout aggregation in
dispersion. The rheological yield values revealdtrength of the agglomerations which can
be damaged by shear. The viscosity is relatedewdtume of the fluid which aggregatat
the shear rate used. The rheology behaviour of a spension is influenced by particle
interaction, particle concentration, particle sizedistribution, particle morphology, and
properties of the medium. The higher volume contenbf powder in a suspension the
more patrticle interaction becomes an important faabr influencing viscosity. When the
particles agglomerates trap some liquid the suspeim® behaves like it has apparent
higher solid content. Hence it is possible to usehé& viscosity measurement to
determinate the best amount of dispersant to be add to a suspension. With the
increasing concentration of dispersant theviscosity of the dispersion usually decreases up

to certain concentration followed by increasingcesty above that concentration.
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Influence of the particles content on viscosity
Einstein’s [59] theory of the relative viscosity)hfs) for small, spherical, monosized
particles, at very low concentration, highlighte timportance of the volume fraction of the
particles in influencing the viscosity.

G/ns) =1+2.5¢ (2.6)
Wheren is the viscosity of the suspensiop,is the viscosity of the pure medium (at zero
particles concentration), ang is the volume fraction of particles. At the vergwl
concentration of particles the particle/mediumratdions are important. As the forces act on
the upper and the lower hemisphere of the patirdespherical particle rotates with the same
velocity as the medium flow velocity. The rotatiwill be resisted by viscous forces round
the surface of the particles. As the overall fleakept constant the stress must be increased,
hence the viscosity is increased by the addedgestiThe viscosity change might be caused
by increased interaction between particles whernr thencentration is enhanced in a
suspension. Krieger-Dougherty in equation (2.6)wshdhat for spherical particles the
rheological properties of the suspension are dyegelated to the volume occupied by the
particles [60, 61].

n=[1-(plom] " (2.7)
Whereg is the volume concentration of particles in thepérsiongp, the maximum packing
fraction, which is 63% for random close packing), is the intrinsic viscosity, or effective
hydrodynamic shape factor, which for sphericalipkes is equal to 2.5.

From the Krieger-Dougherty equation the viscositthe nanoparticle suspension can

be calculated if the viscosity of the medium angl¢bncentration of the particles are known,

and the maximum packing of the patrticles is deteeahi
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2.3.2.2 Surface tension

The surface tension plays an important role in@mplet creation technique including inkjet
printing. The ink suited for inkjet printing shoultave appropriate viscosity and surface
tension in order to facilitate drop formation.

Surface tension is a property of the surface ofgaid and is caused by cohesion
energy (the attraction of molecules to like moles)lpresent at an interface. The interactions
of a molecule in the bulk liquid are balanced byadttractive forces and each molecule is
bound with a characteristic binding energy in aéctions. The liquid phase of the molecules
on the surface is replaced by air that gives wasdraction due to the low density of the air.
The interactions of molecules with the air are digant and hence binding energy is
reduced. As a result the presence of free enertheaturface is observed. The excess energy
is called surface free energy which is equal tonimamber of missing bonds multiplied by the
binding energy per bond [61].

Surface tensiorfy) is defined as the ratio of the surface fo(E¢ to the length(d)
along which the force acts:

y=F/d (2.8)

The chemical composition of the fluids is an impattfactor to determine its surface
and interface tension. Water and other polar ligthdve strong intermolecular interactions
and consequently high surface tension. Water hasitfhest surface tension (because of the
hydrogen bonding), hydrocarbons have lower andrifiated fluids have the lowest surface

tension (as the fluorine atom does not share elestvery well).

Principles of the surface tension measurement:
In the stalagmometric method, the liquid’s drops aroduced from a thin glass pipette under
a little pressure. They are all in spherical shape grow up to the same size. The force that

causes the particle to come away is its weightf)le the force that let the drop stay at the
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outlet of the pipe is a particle’s surface tensimitially the force comes from the weight of
the drop is lower than the force that comes fropawicle’s surface tension and the particles
stays at the outlet. As the particle’s size gromesweight of the drop increases and becomes
equal to the surface tension forces resulting iokéraway from the pipette under the
influence of gravity.
The surface tensio’) of liquid can be calculated from the equation 2.9

I"'=y1 ~mp/mmy (2.9)
Where,y; is surface tension of water [72¥1nN/m], m, mass of water's drop at break-

away and mmass of measured liquid’'s drop at break-away, isfEdy.

2.3.2.3 Stability
Preparation of stable fluids is a key matter inaflud research. Stability of nanofluids
concerns a few aspects [61],

- Thermodynamic stability.
Since nanofluids are multi-phase systems with higirfaces energies, they are
thermodynamic unstable.

- Kinetic stability
Nanoparticles in the nanofluids possess strong Bianvmotions. Nanoparticles mobility can
compensate the sedimentation caused by the grawitat

- Dispersion stability
Because those nanoparticles can form aggregatas dibpersion in fluid may worsen with
time.

- Chemical stability
No chemical reactions either between nanopartidad base fluid or nanoparticles

themselves are desired.
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Three kinds of forces act on the suspended pastinl¢éhe liquid: gravitational force,
tending to settle or raise particles dependingheir density relative to the solvent; a viscous
drag force which arises as a resistance to moéind,the kinetic energy of particles which
causes Brownian motion. For spherical particleaafiusr the viscous drag force must be
equal to the gravitational force thus the settmedpcity, V, the viscous drag force is given
by:

Fdrag= 671V = 477-'r3g(Pp —pL )3 = Fgravity (2.10)

wheren is the viscosity of the wateppis the density of the particles apdis the density of
the medium and g is the acceleration rate of theity. Clearly, from those two forces acting
on small particles, it will take a very long time dettle the particles and they will be stable.
In fact, the third force caused by Brownian motitogether with the attractive and repulsive
forces between particles determines the stabifith® nanofluids. The speed of the Brownian
motion can be characterised by mean displaceméntarfd can be expressed with the
equation (2.11).

X’= 2Dt (2.11)
whereD is the Einstein’s Brownian diffusion coefficientdahis the diffusion time.
It is possible to express the diffusion coefficianth Einstein equation:

D = KT (2.12)
3rmr

Wherek is the Boltzman constant, temperaturey viscosity of the medium, andis the

particle size. Based on equation (2.11) and (2iL2an be said that displacement caused by

Brownian motion increases with decreasing partislee and hence the nanoparticles tend to

move around approaching other nanopatrticles. Tihacétze forces between the particles will

lead to their collision and cause the growth ofjéamggregates, which will consequently

settle them out as, with particle growth, the gi@honal forces start to dominate particle’s
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behaviour [62]. Although the Van der Waals foraesing between molecules will always act
to coagulate dispersed colloids, it is possiblegémerate an opposing repulsive force of
comparable strength. As smaller particles have drighurface energy that increases the
possibility of the agglomeration of nanoparticldsey must be stabilized by surfactant or
capping reagent in their dispersed medium [62].

The dispersion stability of the nanoparticles istedmined by the interaction
(attraction and repulsion) between the disperseticfes. The repulsion between particles
comes from different sources. One is induced byethetrical double layer on the surface of
the nanoparticles (electrostatic stabilization)otker might be caused by the adsorbed layer

of polymer molecules on the surface of the pasi¢eric stabilisation).

2.3.2.3.1 Electrostatic stabilization

The intensity of the repulsion between the pariateelectrostatic stabilization is determined
by the magnitude of the surface charge. The pastitl a dispersion medium are stabilized
with the forces of electrical double layer; theyaice surface charge by the dissociation of
surface groups or by the addition of an electrolybtech causes coagulation; a consequence
of ion adsorption on the surface of particle. Teeaelopment of this charge at the particle
surface affects the distribution of ions in thersunding interfacial region. The formation of
an electrical double layer is a result of incremsthe concentration of counter ions close to
the surface of particle. The electrical double tag@nsists of two parts, first an inner region
(Stern layer) where the ions are strongly bound amduter (diffuse) region where they are
less strongly associated (Gouy- Chapman layerhiwthe diffuse layer there is a boundary
inside which the ions and particles form a staloiitye When a particle moves, ions within
the boundary move with it. The ions beyond the lolauy stay with the bulk dispersant. The

experimental estimation of potential at this bougdgsurface of hydrodynamic shear or
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slipping plane) is difficult and it is normally afgximated with the electrokinetic potential in

colloidal system (called zeta potential) (figur8)463, 64].
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Figure 2.9 Schematic pictures of the diffusion dedayer and potential profile according to
the Gouy-Chapman and the Stern mode

The Derjaguin, Landau, Verwey and Overbeek (DL\VW@dty

Using DLVO theory, it is possible to determinate #tability of suspensions and help predict
long-term stability by means of the zeta poterit&l-66]. When two charged particles in a

dispersive medium approach each other, doublerigldaiyers overlap, the repulsion takes

place as a result of increased ion concentratibe. @asis of DLVO is to use the sum of the
repulsive force (¥) and attractive (¥ - van der Waals forces) to calculate the particle
interaction potential.

Vi=Vr+ Va (213)
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In figure 2.10 the total interaction potentialt{Ms plotted against the distance (r)
between particles. Four curves are drawn refertingttractive and repulsive parts of the
potential. Curve A shows the potential betweenigag when the repulsion forces are very
small, hence the particles quickly collapse in anpry minimum. Curve B represents a
maximum of potential which prevents the particlesnf coagulation in the primary
minimur... A secondary minimum of this curve is afeeff of weak flocculation. In curve C
there is no pnmary minimum and the energetic bato get the secondary minimum is very
high hence this case represents a stable systeme Quoutlines the system independent
dispersion.

"
T Vinax

D Spontaneous dispersion of particles

C Mo coagulation due to high Vinax energy hatrier

E Weak coagulation in secondaty minimum

B r A Fast coagulation into primary minimum

WV omir

Secondary minimum

f-’ Frimary minimum

Figure 2.10 Potential energy versus particle dsgaadapted from [66]

Decreasing the primary minimum and maximum will mpate flocculation of
particles. Practically, the greater the minimune, skronger the cohesive tendency of the flocs
and the higher the energy needed to break them .dblmssmaller the maximum, the easier

the particles overcome its energy barrier, andifiadl a minimum.
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2.3.3 Steric stabilisation

Two mechanisms can be used to assure steric gtlmh. The metal centre is surrounded by
sterically bulky layers of material, such as polyf&¥] or surfactant [68, 69], preventing the

particles coming close enough for Van der Waalsd®rto cause irreversible attraction (see
figure 2.11b) A non adsorbing polymer can be latamong the particles preventing their
aggregation (figure 2.11d). However the presencepafmers added to the dispersion

medium can cause the flocculation when polymersoibcompletely cover the particles

(figure 2.11a) and another case where non absogmhgner can be evicted from the area

between two surfaces, creating a gradient of canateon (figure 2.11c).

a)

Figure 2.11 Schematic representation of polymerabelir on the surface of particle: a)
bridging flocculation, (b) steric stabilisation,) (depletion flocculation, and (d) depletion
stabilisation
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2.3.4 Fluid dynamic

As it was mentioned before, the main concern fégeinprinting is that fluid must fit the
physical and rheological requirements of fluid flaw the printhead, in order to be
successfully ejected. In a piezoelectric inkjahfimg process, the generation of drops is
based on pressure wave that is electromechanicalliced [70]. When a voltage is applied,
the piezoelectric material changes shape, whickergées a pressure wave in the fluid forcing
a droplet of ink to be ejected from the nozzle. tTheppens only when the kinetic energy of
the ink is sufficient to overcome the surface epéngeractions.

If the viscosity of the ink is too high then a largressure pulse is needed to generate
a droplet. Whereas if the ink has very low surfeasion, the printhead will generate the
desired droplets accompanied with satellites, whexfuces the resolution of the final as-
printed features.

There are three dimensionless numbers, namelyRéyaolds Rg, the Weber\(Ve
and theZ numbers Z), which have been proved in recent studies [7Het@epresentative for
analysis of a drop formation and to determine tbssgbility of the fluid to be ejected. The
Reynoldsnumber represents a dimensionless ratio of theiahdorces against the viscous

stress within a droplet:

Re %f]—" (2.14)

Wherep is the densityd the orifice diameten the velocity and; the viscosity of the droplet.
The Webernumber is a dimensionless ratio of inertia forcessus the interfacial
stress, describing the kinetic-surface energy camwe governed by both the speed of the jet

and the surface tension:

pdv?
Y

We

(2.15)

wherey is the surface tension of the liquid. Both numbaifect the droplet impact and
spreading. Typically for inkjet print process, bdtie Reynoldsand Webernumbers are
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relatively low and in the order of 1-100, as thdowgy and the size of the droplets are
relatively small, which usually prevents splashafighe deposited droplets on the surface.
The Z-number, which is the inverse of tl@hnesorgaumber Oh) can be written as a

function of both dimensionle$sdeandWenumber:

= -1 Re _,/pdv
Z=Oh'= 7= =*C (2.16)

A droplet can be ejected by a DoD printer if Zrighe range 1-10 and that the droplet
volume increases as the valuezoincreases. The lower limit (Z < 1) is determinedtbg
viscosity and usually high pressure is requiredjéat a droplet whereas the upper limit (Z >

10) represents the formation of satellite dropé®g (figure2.12).
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Figure 2.12 Images of ejected droplets of inks with 10 (left) and 1 < Z< 10 (right). From
[73]

2.3.5 Ink on substrate

2.3.5.1 Adhesion

Adhesion describes the work necessary to sepdratatoms or molecules at the interface.
Two surfaces can be held together by Van der Wa#idstes, electrostatic forces or chemical

bonding forces.
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The surface tension of an ink and the surface gnef@ substrate have a profound
effect on the way in which the liquid wets the dudite and on the strength of the adhesive
bond between the substrate and the dry film. Ifsindace tension of the ink is greater than
the surface energy of the substrate then the fhdilidnot spread out forming a continuous
film. Decreasing the surface tension of the ink @@ample by adding a surfactant into a
formula) will result in easier wetting of a substraby an ink and consequently better
adhesion. The surface energy is only one aspemrdfolling the complex phenomenon that
we refer to as adhesion. Adhesive testing invotliesapplication of force to remove the film
from the substrate. The aim is to measure the fomeded to overcome the forces of
adhesion between film and substrate. There araaewethods of quantifying the adhesion
of a film to a substrate. Mechanical method incku8eotch tape test [74], abrasion test [75]
or stretch test [76]. In mechanical method adhesaneasured by applying a force to film-
substrate system. The applied forces cause a meahatress at the interface, which on an
appropriate level causes the removal of the filomfithe substrate [77]. The load at which a
separation of film and substrate take place i®dadl critical load and is taken as a measure of

adhesion [78].

2.3.5.2 Hardness
According to Braun a harness is the resistancedal hon-homogeneous deformation caused
by line-shaped force centres [79]. Hardness testasaore the resistance to damage with a
specified amount of deformation, principally théatenation leading to damage. For film on
a hard substrate, the resistance to deformatioeases with decreasing layer thickness. This
means, in order to measure an actual hardness @frth the thicker film the better.

The purpose of the hardness testing is to analysdéhaviour of the film on the
substrate subjected to practical conditions. Thapgnties of the film will influence the
performance of a device under various conditions.
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The most common method for testing the mechaniogpeyties is nanoidentation.
The technigue was developed in the mid-1970s araths®d on subjecting the sample to
forces, usually by the action of a hard tip whoschanical properties are known. The load
placed on the indenter tip is applying to the stefaf the film at progressively greater load
until the user-defined value. The area of the redichdentation in the material is measured
and the hardneshl, is calculated from equation (2.16).

H=Pnay/Ar (2.17)
where R,xis a maximum load and,As a residual indentation area.

Hardness also can be defined as a function of déuthng a test, a load and depth of
penetration can be measured, and then the arde afdent is determined using the known
geometry of the indentation tip. These values camplotted on a graph to create a load-
displacement curves. These curves can be useddiocelenechanical properties of the

sample.

2.3.5.3 Resistivity
The conventional technique
Electrical resistivity §) is a measure of how strongly a material reststsfiow of electrical
current and it is the inverse of conductivity).(The following procedure is usually applied
when the resistivity is to be evaluated. A condieink is printed in a simple pattern and
then sintered at a given temperature. The nextistgves the resistance measurement using
a 4-point probe. The sample height (h) needed limulcae the resistivity is determined by
direct measurement, for example using a microscompyektak instrument. Finally the
resistivity is calculated using equation (2.18).

p = RAI (2.18)
whereA is the conductive cross-sectional area hrgdthe conductive path length. In the Si
system, the unit of resistivity is the ohm*metant).
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The resistivity of pure metals at room temperaextends from 1.68 x 10 Qm for
silver, the best conductor, to 135 x®@m for manganese, the poorest pure metallic
conductor. As the temperature decreases towarduabszrero, resistivity drops down to a
very low residual value for some metals. At someperature above absolute zero the
resistivity of other metals suddenly changes t@zand they become superconductors.

The resistivity values reported in literature fainped features using commercial
silver based inks are higher than that of bulkesifhis can be due to incomplete particle-

to—particle contact, residual porosity and a presexi organic additives.

The van der Pauw technique

The advantage of the van der Pauw (vdP) techniqueekistivity measurements is that it
allows to take a measurement without knowing exseple geometry. Initially, the
technique was developed in order to measure thstivety and the sheet resistance of thin
and flat samples of semiconductors, but it can atggied to the case of conductors.

Figure 2.13 shows an example of contact dispostionhe edge of a sample in the van der
Pauw technique. To make a measurement, a curems thlong one edge of the sample (for
instance)ag) and the voltage across the opposite edge (incdse Vcp) is measured. Using
equation (2.19) resistance of the sample can lmelle#dd and later the resistivity is obtained

from equation 2.21.
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Figure 2.13 Example of contact disposition on thgeeof a sample, in the van der Pauw
technique

_ VoltageA-B

Rascom ———— (2.19)

CurrentC—D

for a square printed area

Re.cp =Rec, ba (2.20)

andf=1

p = =L (Rag.co +Rec.on2) f (Rag.co/Rec,on). (2.21)

n2

where d is the film thickness.

L.J. van der Pauw [80] showed that the resistioitya certain sample of arbitrary
shape without knowing the current pattern can herdened when the following conditions
are satisfied:

1. The sample must be homogeneous in thickness

2. The sample must not have isolated holes

3. All four contacts must be located at the eddekematerial

4. The area of contact should be sufficient snialprincipal, an order of magnitude smaller

than the area of the entire sample
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The resistivity values reported in literature vavith the size of particles and ink
formula, as well as the sintering method and tireedu Lee et al. [81] obtained a resistivity
value of 16 |©2 cm while using water-diethylene glycol based Ak which was sintered at
260 °C for 3 minutes. Fuller et al. [82] studieldesi ink containing 5-7nm particles dispersed
in a-terpineol, the obtained resistivity was found ®©3 2 cm after sintering at 300 °C for
10 min. Perelaer et al. [52] applied microwave afdn to a dispersed nanoparticles (5-10

nm) in tetradecane and obtained resistivity of 8Dqm.

2.3.5.4 Transparency. Transparent Electrode materia

Transparency is a physical property of allowing tfamsmission of light through a material.
Transparent materials possess bandgaps with esergieesponding to wavelengths which
are shorter than the visible range of 390 nm tomB0As such, photons with energies below
the bandgap are not absorbed by these materialsthausd visible light passes through.
Materials with high electrical conductivity and wmal transparency are important
components of many electronic and optoelectronigcge such as liquid crystal displays,
electronic paper, solar cells, and light emittingdegs [83-85]. The most extensively used
material for transparent electrodes is indium tirde (ITO). However there has been a quest
to look for materials with improved bending, lowssst and higher transmittance that can
replace ITO. Towards this objective, various typésew materials have been developed by
different groups, among which carbon nanotube (CNIfMs [86] and, more recently,
grapheme [87,88] have been successfully used dsatiparent conductive electrodes (TCE)
in organic light emitting diodes [89] and solarIs€l90]. However, their performance in
terms of sheet resistance and transparency isostédlr than of the ITO. Two research groups
[91] employed Ag nanowires to fabricate TCEs wittter performance which were further

successfully used in organic solar cells [92, 93].

43



2.3.5.5 Morphology of the printed pattern.

One of the challenges of printing conductive materis to obtain desired morphology and
geometry of the patterhe ability of controlling the geometry of themted features is very
important in determining its electrical resistivisnd mechanical adhesion. For conductive
tracks, ideal printed lines should be straight amboth. Additionally, in order to optimize
the electrical performance of the printed featudesects such as discontinuity of the deposit,
spreading of the ink or edge irregularities havbdavoided.

In order to control the morphology of the film dmetsubstrates, various actions can
be taken. One is to adjust the dot spacing paramBte dot spacing is the centre-to-centre
distance between two adjacent droplets. Figure &bivs the various dots spacing during
printing. When chosen dot spacing between two étspbn the substrate is larger than the
droplets themselves and the continuous film wilt he formed, in eithek- or y-direction.
The dot spacing in one of the two dimensions smalleequal to the droplet diameter at the
substrate will result in the formation of lines. @hthe dot spacing in two dimensions is

equal to or smaller than the droplet diameter,rdigaous film will form.

(@) (b) (©)

Figure 2.14 Schematic representation of concepanéd dot spacing

The other way to control the morphology of printeghturesis related to ink’s
properties, where those properties aseosity, surface tension, and wettitig order to limit
the mobility of the ink on the substrate, and ia #ame time to avoid the spreading of the
ink, the phase-change inks, such as alumina-file® suspensions [72, 94] can be used. In
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this case, the ink is kept in a liquid phase (usigh temperature) before jetting. By using
much cooler substrate; the landed drop can ra@dlgify, thus controlling spreading and
feature geometry. However, a few problems assatiatith using wax-based inks were
recognised. Namely, the additional step is requitedemove the solidified carrier fluid

which can cause shrinkage-related anisotropy irfitta¢ product [95] and the risk of losing
the resolution of the pattern is high as followilayers of ink will melt the underlying

deposits at the moment of impact, when the fabaoabf three-dimensional structures is
used.

Pereler et al. [96], in order to control the geametf inkjet printed features on a
substrate, used the block copolymer PVAMEDb -PVOBAgs in their ink formula and printed
an aqueous Ti©nanoparticle ink above a certain temperature, /hlee solubility of the
polymer was limited and gel was formed. Obtainedptits and lines with improved
morphological control were achieved using this nedrgelation effect.

The other way to control the ink behaviour on thbsérate is to modify the surface
energy of a substrate [97]. Pre-pattering is armragh based on creating patterns composed
of varying surface energies on the substrate, whickct the printed ink into regions of
preferential wetting. For example, Sirringhauslef28] used a water-based polymer and pre-
patterning to obtain straight line width of 5 micreters. Disadvantages of this approach
include increased processing time due to a neegrefpatterning the substrate and
complication of the process as some of the pattergsire the use of lithography masks to
produce surface energy patterns.

Another and more reasonable approach is the us@otEmbossing or nano-
imprinting method [99,100]. The hot embossing psscevolves master being pressed for a
few minutes into a substrate. Using a thin filmaothermoplastic polymer that has been

heated above its glass transition temperature\afires sized structure, for example, circular
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features with diameters of 25 nm has been fabdc§i®1,102] Once the substrate is

structured, it can be filled with inks using cagiif forces.

2.4 Synthesis of silver nanomaterials

2.4.1 Synthesis of silver nanoparticles

Silver is a soft, transition metal with the highegtctrical and thermal conductivity of any
metal and the lowest contact resistance. Silverbmafound in nature as an alloy with gold
and other metals, and in minerals such as arganiechlorargyrite. It is stable in pure air
and water; however it routine when it is exposedit@r water containing ozone or hydrogen
sulphide [103].

The properties of material depend strongly on thizie due to a greater surface area
per weight. The size and morphology determine thgplication potential.

There are generally two approaches for fabricatibmanomaterials: top down and
bottom up. Top-down is characterized by the pradacof nanoproducts by reducing the
dimensions of the original. It can be made by appglyspecific machining and etching
techniques such as lithography, ball milling, agtigrinding, etc., giving rise to electronic
devices, quantum well lasers, computer chips aghl uality optical mirrors.

The bottom-up approach is related to the contrakesembly of atomic and molecular
aggregates into larger systems. These generallinfaltwo categories: condensation from a
vapour and chemical synthesis.

Condensation from vapour is a method used to maktllic and metal oxide
ceramic nanoparticles. It consists of evaporatidnaosolid metal followed by rapid
condensation to form nanosized clusters that seattlthe form of powder. Well known
variations of this method are vacuum evaporatiomuwming liquids (VERL) and chemical

vapour deposition (CVD). Synthesis of nanopartigtethe gas phase for electronic, optical
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and magnetic applications was shown very well & téview of ref. [104]. The chemical
synthesis approach seems to be a more effectibaitpee for controlling the final shape of
the particles than vapour condensation [105]. Wpecal example is a sol-gel approach, or
microemulsion. This technique is based on growirgoparticles in a liquid medium
composed of various reactants. The desired simathed by choosing chemicals that either
form stable particles, or stop growing at a certize.

Several methods have been developed to chemicailhesize silver nanopatrticles.
For example, citrate synthesis (the Turkevich m&XHd06], Borohydride method [107],
water-organic two-phase synthesis [108], organiticeng agent (Tollens reaction) synthesis
[109], inverse micelles synthesis [110], Laser abtamethod [111], photolysis [112], and
biosynthesis [113].

In recent years, silver nanoparticles (AgNPs) haoeived increasing attention with
the rapid development in the field of electroniwides. AQNPs found their applications also
in the treatment of diseases that require maintanari circulating drug concentration or
targeting of specific cells or organs [114]. Foaewle, Ag NPs have been shown to interact

with the HIV-1virus and inhibit its ability to bindost cells in vitro 115].

2.4.1.1 Super critical carbon dioxide method (sc C£

The supercritical fluids (SCFs) are substancestatngerature and pressure above its critical
point (figure 2.15). Their viscosity, density andfukivity can be modulated by small
pressure and temperature variations, as a relseit,are considered as liquid-like or gas-like,

depending on the conditions and the application.
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Figure 2.15 Carbon dioxide pressure-temperaturegotiegram

The density of supercritical fluid is similar toathof liquids but viscosity and
diffusivity are closer to that of gases. Theseueszt let supercritical fluids penetrate into the
porous structure and extract the solute from tHal.sMethods using supercritical fluids
allow the creation of ultra fine powders, by coiling the size and shape of the nanoparticles
produced.

There are many supercritical fluids which are galtheflexible, more simplified and
with a reduced environmental impact that can bel urs¢he preparation of a great variety of
nanomaterials, such as gOwater, propane, acetone,@y trifluoromethane, ethanol,
acetone, ammonia, dimethyl sulfoxide (DMSO) and &l pyrrolidone (NMP).

Several variants, for example, solvent, solute,ctrea media, antisolvent and
emulsion phase, in SCF technology that allow tleatoon of the desired products by control
of its size and morphology can be found in literasu Table 2.2 shows common methods in

terms of the played role by supercritical fluid £0
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Table 2.2 Supercritical methods in terms of the payed by scCO

The role of Methods NanomaterialsRef.
scCQ
As a solvent RESS- The rapid expansion| (PbS) [116]

supercritical solution

RESS-SC (Rapid Expansion of & phenytoin [117]
Supercritical Solution-Solid Co-
solvent)
RESOLV- The rapid expansion of Ag [118]
a supercritical solution into a
liquid solvent
As an water-in-CQmicroemulsion Ag, CdS, Zn$ [119],[120]
emulsion
phase
As an GAS - Gas Anti Solvent (operated.ysozyme [121]
antisolvent in batch)
(cooprecpant) SAS (Supercritical Anti Solvent) | Fullerene [122]
operated in semi-continuous mode
As a reactant | Supercitical hydrothermal TiO, ZrO [123,124]

synthesis

The methods used in the present work consist of nwaes, RESS and GAS/SAS. Both

methods are described below.

RESS
This method consists of the saturation of the sl fluid with a solid substrate and
rapidly depressurising this solution through a éeéatozzle into a low pressure chamber,

causing an extremely rapid nucleation of the sabstin highly dispersed material. The
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morphology of the resulting solid material, crybted or amorphous and size distribution
depends on the chemical structure of the matendl @n be controlled by the RESS
parameters (e.g. temperature, pressure drop, ingisteince of the jet against a surface and
nozzle geometry) [125]. The advantage coming frbe method is the absence of organic
solvent; however the limitations lay in the reqment of products that present reasonable

solubility in supercritical carbon dioxide whichttge widely used in SCF.

GAS/SAS
In this method a liquid solution contains the sejuhsoluble in SCF, to be micronized, while
the supercritical fluid is completely miscible withe liquid solvent. As a rule, SC-G@
used. Therefore, contacting the liquid solutionhwihe SCF induces the formation of a
solution and produces supersaturation and pretgitaf the solute. The process can be
operated in batch or in semi-continuous mode. éndise of batch operation the process is
called GAS (Gas Anti Solvent, G@lays role as a precipitant) where a given quauofithe
liquid solution is placed in a precipitation vesseld the supercritical antisolvent is added
until the final pressure is obtained. In the caksamicontinuous operation the process is
called SAS (Supercritical Anti Solvent) and thee gupercritical anti-solvent and the liquid
solution are continuously delivered to the preaifain vessel in co-current or counter-current
mode. In this method, several factors play impdrtales. One is the liquid solution injection
device and another is the high-pressure vapourdigquilibrium (VLE) and mass transfer
between the liquid and the SCF. Particularly, Vildisthe ternary system solute solvent-
antisolvent and the position of the operating painSAS processing with respect to these
VLEs can be crucial for the success of the process.

Various solvents that have affinity with SC-€@an be used, which increases the
possibility of applying the technique to severampmunds with different properties. The
chosen solvent also has an influence on the fircayxt.
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The most used solvents are DMSO and NMP, methavieD{), acetone, toluene
and ethyl acetate (EtAc). Ethanol (EtOH), due $ochhemical structure and the possibility to
easily form hydrogen bridges, is used less often iasnteracts strongly with the solid
compound dissolved in it and modifies the VLE salvantisolvent-solute in an
unpredictable way. Water cannot be used as sobas#use of its relatively low solubility in

SC-CQ.

2.4.1.2 Wet chemistry method
Wet chemistry method belongs to bottom-up approabich refers to the build-up of a
material from the bottom: atom-by-atom, moleculerdbglecule, or cluster-by-cluster. The
advantage of this method is the potential to predyantities of the final product. Moreover
it is a very convenient way to control the size ahdpe of the particles [12G]he method is
based on reduction of metal salts in the presefisaitable capping agents to generate metal
particles.Generally speaking the main parameters in wet ckteynmethod are the type and
concentration of reagents, their redox potentials r@te of addition, type and concentration
of protective agents, temperature, and pH [127¢ difference in the redox potentials of the
reagentsAE) is the driving force of the ion metal reductjprcess (MO¥X + Red = mOX +
Red™). It correlates with the Gibb's free energy of tbaction at standard conditions:
AG = - nFAE+ RTInK (2.22)

(where K = equilibrium constant, n = the numberetdctrons in a reaction equation, F =
Farady’'s constant).

The reduction process is thermodynamically possiblg if the redox potential of the
reducer is more negative than that of the oxidi@er this case metal precursor) and,
consequentlyAE is positive. This difference should be largemtl@a3—-0.4 V; otherwise the

reduction will proceed too slowly and may not résulthe formation of nanopatrticles [138].
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Particle size distribution depends on the intecacbetween nucleation and particle growth
processes that occur during preparation. By inftuenthe relative rates of these processes
the particle size can be determined. In order tatrobthe growth of particles a number of

parameters can be adjusted, such as temperatuacentration of the metal precursor, the
nature of stabilizing or reducing agent. Usingst faduction agent results in the formation of
many silver seeds at the beginning of the synth@sisess. This high amount of silver seeds
will shorten the growing time of silver seeds antevent the formation of larger

nanoparticles. If the solution is homogenous there high chance that particles end within a

narrow size distribution [129].

2.4.2 Synthesis of Ag nanowires

Ag nanowires (AgNWSs) received a great interest ttu¢heir unique optical, thermal and
electrical conductivity. Moreover, they can serve a template to generate other
nanostructures, usually hard to obtain, e.g golbhees [130].

Over ten years a number of research groups imatet strategies for the synthesis of size —
controllable Ag NWs. There are generally two apphes for the fabrication of AQNWSs: the
vapour deposition which mainly utilizes physicalthws such as an electron beam, and the
second, liquid phase growth approach. The liquidsghsynthesis has the advantage of

possibly using a range of solvents, simple momptechnology, and low cost.

Polyol method

Polyol process was originally developed by Fievetak [131] for synthesis of metallic
nanoparticles. Xia et al. [132] developed furth@s tmethod for obtaining Ag NWs by the
injection of AQNQ and PVP solutions drop-by-drop into ethylene gly®G) solution
heated to 160 °C. In this process AgNWSs are obthby self-seeding process where EG acts
as both solvent and reducing agent. The necesaatgr$ that influence the formation of
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nanowires are: low precursor concentration, slowlitamh rates, and right molar ratio

between the repeating unit of PVP and AgNO

Salt-mediated polyol processs

The same research group, developed a salt-medatgdl process that is based on polyol
process but the reaction takes place in the additipresence of at race amount of salt, such
as NaCl, Fe(NQ) CuCh, CuCl [133,134]. The salt-mediated method is ap&mand
effective process when the mass synthesis of AgMMeeded. For instance, they obtained
high yield of AgNWs by reducing AgNQwith EG heated to 148 °C in the presence of PVP
and NaCl. In another experiment, in order to obtagNWs, Xia et al [132] used polyol
process with the addition of CuCl or CyClalts. Based on the obtained results, they
suggested that the trace amount ofpldys important role in the polyol process for N@/s
synthesis. Clions supports the electrostatic stabilisationtiiar silver seedsthat are primarily
formed. Presented Tions in a solution react with Agons forming AgCl, which reduces
concentration of Ag+ in a solution and allows sloglease of Ag+ which consequently
enable the formation of high yield thermodynamigaiore stable metal particles which are

further needed for wire growth.

Seed-mediated growth method

AgNWSs have also been synthesised by solution—pheetbod where AgN®is reduced in
EG, in the presence of PtGit a high temperature using oil bath [135]. It waggested that
the formation of AQNWs is via two steps. In thesfistep, 5 nm Pt nanoparticles are formed
by reducing PtGlwith EG. The second step involves nucleation amoavth of Ag NWs by
adding AgNQ and PVP solutions into the reaction medium. Athhtgmperature silver
nanoparticles with larger sizes are able to growhat expanse of smaller ones through

Ostwald ripening [135]. This is a spontaneous psoghich is based on dissolving small
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crystals or sol particles, and their redeposit olat@er crystals or sol particles. Larger
crystals are more energetically favoured than smaltystals. Although the formation of

many small crystals is kinetically favoured (i.déaey nucleate more easily), they are
energetically less stable than the ones alreadlyord¢red and packed in the interior. This is
due to larger surface area to volume ratio molecale the surface of small crystals. Large
crystals are thermodynamically favoured and withrtigreater volume to surface area ratio,
they represent a lower energy state. Thus, manil srgatals will attain a lower energy state

if transformed into large crystals.
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Chapter 3

Experimental methodology

In this chapter the experimental procedures antgwewf the characterisation methods are
described. The first part of this chapter will gesthe preparation and characterisation of the
Ag patrticles using wet chemistry and scQ@ethod and synthesis of nanowirers by polyol
process. The second part of this chapter concempamtion and characterisation of the
nanofluids. The final part of this chapter expldins deposition methods for film preparation

and the method for their characterisation.

3.1 Synthesis of silver powder

3.1.1 Silver particle synthesis using scCQechnology
Figure 3.1 shows scCO2 equipment with all the pimtsboth, Supercritical Anti Solvent

(SAS) and Rapid Expansion of Supercritical Solu(lRESS) modes.

HPLC pump
Pressure gauge
Suspension Thermocouple
Stainless steel
precipitation

chamber
Heater

CO; supply

ABPR

Chiller

Heater to increase the CO,
temperature

Metering pump

Figure 3.1 Picture of the scG®etup used
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The equipment consists of @@ottle with liquid CQ which is during the process
pressurized to the desired pressure using a& @@mp, and preheated to extraction
temperature through a heat exchanger. Reactiorelvessnade with steel, equipped with
heating jacket to control the temperature anditheith attached stirrer, and connected at the
bottom with a collection vessel through the stippgfinished with a nozzle. ABPR pump
which adjusts the fit of the attached needle, reguiba closing and opening slightly as it
attempts to maintain pressure, and High-Performampad Chromatography (HPLC) pump
for introducing the solution sample into the reactvessel.

For the nanoparticles synthesis experiment only RB§paratus was used. Figure 3.2

shows schematically the parts involved in the expent.

CO; pump

Maozzle

Reartion vessel

Collection vessel

C0y hottle

Figure 3.2 Schematic diagram of RESS mode equipmentpercritical fluid method

Nanoparticle synthesis in supercritical environmfatiowed by a rapid expansion
was conducted. 0.04g of AgN@nd 2.5 g of PVP were dissolved in 30 ml ethylglyeol

followed by stirring for 20 min. Then 20 ml of soepared solution was placed into a reaction
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vessel with a maximum volume of 500 ml. When reaetas closed, CoOwas then charged
into the cell by up to 10-25 MPa using the £@ump. The mixture of COand AgNQ
solution was stirred by rotating agitator at 20enrprhe temperature and pressure for the
process were maintained for required time (a rdveeeen 1 hr and 3 hrsjhe dissolved
polymer/dispersed silver particles mixture was gpdathrough a capillary nozzle (0.8 mm in
diameter), into container with solvent (for a 10bg) opening a valve. The nozzle was
maintained at 40 °C with an electric heater to é@ywugging by solutes precipitation. Once
the pressure was decreased sharply by openingadlve, \the particles were formed and
precipitated in a collection vessel.

Two different pressures were analysed at varioopégatures and reaction time. The

produced powder was collected on a stainless lstestied at the bottom of the vessel.

3.1.2 Silver particles by wet chemistry method
Ag nanoparticles were synthesized by a new apprdaekloped in this work. All chemicals
were used as purchased. Figure 3.3 shows the systioeite to produce silver nanoparticles

with controllable size.
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4 g of AOT (surfactart) + 40 m|
H20 (DI

Wirgos stiring for 30 min (to forn foam)

hlixture 2 gof AghOs + 40 ml Ha0 (D)

(Dropwise )

Wirgos stiring for 30 min (to form foam)

Wlixture
0.5 drop of MaHOH +40 ml H2O (DI

(Dropwisze )

“irgos stiring for 30 min (to form foam)

Wixture 0.16 g NaOH+40 ml H20 (DI}

(Dropwize )

irgos stiring for 30 min

&g nanoparticles

Figure 3.3 Schematic illustration of the possildiarfation process of the silver nanoparticles

Silver nitrate (2g) used as Ag precursor and stafdcdioctyl sodium sulfosucinate
(AQT, 4g) as a capping agent were separately disdah water, forming 0.03M and 0.02M
solutions respectively and then two solutions wabeed by adding the surfactant solution to
the metal salt one. The mixture was kept stirringfdrm a foam. 40 ml of hydrazine,

N-H,OH (1.5 mM) was then added to the solution. To detepthe reaction 40 ml of 0.1M
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NaOH aqueous solution was added to precipitaté@gutanoparticles. The silver particles in

the collapsed foam solution were collected, wadhedopropanol or acetone.

3.1.3 Synthesis of Ag nanowires by polyol process

Ag nanowires were synthesized by polyol procesth@npresence of Pt nanoparticle seeds
using polyvinyl pyrrolidone (PVPMw = 40 000) as the protecting agent. The procedure
described as follows: 15 ml ethylene glycol (EG)swafluxed in a round flask with
condenser at 160° for 1 h, and then 1.5 ml EG woluwf PtC} (1.5 mM) was added quickly.
After the reaction lasted for 4 min, 7.5 ml of a@ Bolution (0.12 M) containingAgN§wvas
added and then, 15 ml EG solution (0.001 M) of RM#3 added into the refluxing solution
dropwise. When the addition ended, the reactionturexwas further heated at 160° for 60
min. The system was then cooled to room temperaane the sample was washed with

acetone and dried in air.

3.2 Powder characterisation
In order to characterise the final products, sdwerdniques were used which include:

- X-ray diffraction (XRD, D5005 Siemens} It is a non-destructive analysis technique

provides information on the microstructureof matksi This technique is carried out by
observing the scattered intensity of an X-ray bedmle hits a sample as a function of
incident and scattered angle, polarization, andelength. The powder was placed on
carbon tape attached to a glass slide. The scamsoagied on in the range 20-60 ®&ith

a step size of 0.05° and a time per step of 1 s.

- Scanning electron microscopy and patrticle size ysimal(SEM, SFEG XL30 FEI}

provides information regarding the morphology aizeé ®f particles. A conductive carbon

tape was stuck to an aluminium tip and the powdas wlaced on top of the tape. The
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SEM parameters used for imaging were: through diensctor (TLD), spot size was 2 nm,
working distance was 5 mm, , and acceleration geltaas10 kV.

Zeta potential (Malvern Zetasizer serieshese measurements provide information on the

surface charge of a material and its isoelectriatpd@he size measurement of particle and
molecule can be from one nanometer to several mscrohe measurement is based on
using dynamic light scattering, zeta potential atettrophoretic mobility of the particles.
Samples were made up in 18.2)Mleionised water at a concentration of ~0.5 mg/mdl a
were sonicated for 15 minutes before zeta potentedsurements were taken. The pH of
the solution was manually adjusted by the additib@.1 M HCI| or NaOH to ca. 10-15 ml
of the suspension before the zeta potential wasuned.

Thermogravimetric analyses (TGAJ his test determines changes in weight of timepda

in relation to change in temperature. This anallsis a high degree of precision in three
measurements: weight, temperature, and temperahaege. In TGA process heat and
stoichiometry ratios is utilized to determine thergent by mass of a solute. Analysis is
based on increasing the temperature of the sampdduaglly and plotting weight
(percentage) against temperature. Maximum reacketpdrature was 800 °C. The
experiment was performed with Setaram Setsys Eoolut6/18 apparatus at a heating
rate of 10 °C in air.

Nanoparticle tracking analysis (NTA) (Nanosight L®)2 It's an innovative system for

sizing particles from about 30 to 1000 nm, with lineer detection limit being dependent
on the refractive index of the nanoparticles. Tthhnique combines laser light scattering
microscopy (DLS) with a charge-coupled device (CGiamera, which enables the
visualization and recording of nanopatrticles iruioh. The NTA software is then able to
identify and track individual nanoparticles moviagder Brownian motion and relates the

movement to a particle size according to the wativiin Stokes-Einstein equation.
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- Ultraviolet—visible spectroscopy (UV-Vis)t is qualitative and quantitative analyses

tchnique using light in the visible and adjacerggnUV and near-infrared (NIR)) ranges
which corresponds to electronic transitions ofedight origins.The absorbance data from
the measurement can be related to the concentratiire sample by using Beer’s Law.
Samples were prepared by dispersion of known amoiuseample (very diluted) and then

3 ml of the prepared solution was placed in a devetd submitted to the measurement.

3.3 Ink development

3.3.1 Inks formulation

In a first part of the work two types of silver ;mkAG1 and AG2) were developed and used
in this work. The effect of various silver cont€@t1-0.5 wt % and 10-40 wt % for AG1 and
AG2 respectively) and dispersant (0.1-1 wt %), watrecked on fluid properties such as
viscosity, surface tension, aggregates formatiahsaability.

Two different ways were adopted to mix the ink comgnts. The ink AG1, using
silver nanoparticles prepared by the method desdrb section 3.1.2 with final washing by
IPA, was formulated in the following optimised wa&y5 g of Ag powder was dispersed in 5
g of an agqueous medium containing 0.6 wt% Pluréidi27. Pluronic F127 was utilised as a
dispersant. Pluronic F127 isnanionic,triblock copolymer (PEO 106 - PPO70 - PEO 106)
surfactant terminating in primary hydroxyl with @verage molar mass of 10,000. The
solution was then treated by High intensity focusédasounds (HIFU) (figure 3.4) for 60

min.
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Power supply Shock wave generator

Figure 3.4 HIFU equipment

A second ink, AG2, using silver nanoparticles predaby the same method as AG1
but treated with acetone in the final step, wapared in the following optimised way: 6 g of
Ag powder were mixed in 9.6 g of an aqueous sahtiaving 0.5 wt% Pluronic F127. HIFU
treatment is not needed as this powder dispersegapeously.

In a second part of the work silver nanowires inkswormulated. The effect of five
different surfactants in various solvents on stgbidnd film uniformity of the AgNWs
dispersion was investigated. Water and methanoé whosen as a dispersion medium and
the AOT, CTAB, PVA, and F127 were chosen as dispgragents. For this purpose known
amount of Ag NWs was dispersed in 6ml of methanith \&addition of each surfactant and

was analysed with UV-Vis spectrophotometer.

3.3.2 Physicochemical properties of silver nanoflds

3.3.2.1 Rheological properties of silver inks

Rheological properties of both inks (AG1 and AG®recharacterized using a Bohlin CVO
rheometer (Bohlin Instrument, Ltd.). The viscosdl the colloidal aqueous suspensions
containing silver particles and copolymer F127 weesasured at 25 °C in the range of shear

rate (1-1000/s) using a cup and bob configurati@i4( DIN 53019). Before this
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measurement, on a 3 ml sample, a pre-shear of 20@s applied for 30 s, and followed by

an equilibration time of 60 s.

3.3.2.2 Surface tension measurement
Surface tension measurement was based on the weighthe drop of the fluid
(Stalagmometric method) prepared using the metlesdribed in section 3.3.1. Firstly the
weight of 50 drops of deionised water was measaed then 50 drops of sample were
weighted.

The surface tensio’) of liquid was calculated from the equation 3.1.

I =y «mo/my (3.1

where,y; is a surface tension of water [72*¥@N], m, mass of water’s drop and,mass of

measured liquid’s drop.

3.3.2.3 Stability studies

To evaluate the stability of nanofluid streatedHifFU with the presence of F127 copolymer,

the viscosity of nanofluids, containing 5 wt% Agnogarticles, 0.6 wt% dispersant and

treated by HIFU for 60 min, was measured againsttittne over 20 days. The rheometer
(Bohlin Instrument, Ltd.) was used to conduct treasurements with varying shear rate. The
same measurement was performed for AG2 ink comigud wt% silver nanoparticles and 5

wt % of F127.

3.3.2.4 Extractability properties of the dispersarn

First, a calibration curve was prepared and theewoination of Ag NWs dispersed into the
solution was determined. For this purpose a nunolbesolutions of the Ag NWs each of
accurately known concentration were prepared. Tfmneach solution, measure the

absorbance at the wavelength of strongest absomp&s measured. Subsequently a graph of
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that absorbance against concentration was plotiedbtain a calibration curve and the
corresponding concentrations for AQNWs samples wwead from the graph

Dispersions were analyzed with UV-vis spectroscapg the maximum extractable
concentration of Ag NWs (at 0.25 wt% surfactantcantration) was determined for each of
the surfactants. The baseline correction was choug using pure 0.25 wt% solutions of the
four surfactants so that their absorbance valudssgbtracted from that of Ag NWs
dispersions.

In order to find the optimum Ag NWs-to-F127 rate,concentration of F127 was
varied from 0.05 to 0.25 wt%, keeping the amounA@fNWs constant, using methanol as a
solvent. Constant Ag NWs concentrations used isehexperiments were the maximum
extractable concentrations of Ag NWs chosen froenfittst turn of experiments for 0.25 wt%
surfactant concentration. Constant Ag NWs conceatra were selected to be 7 mmol and

again, the samples were analyzed using UV-vis spssdpe.

3.4 Characterization of deposited films

3.4.1 Ink jet printing

Inkjet printing was carried out with a DoD Fujifilimatix DMP-2831 ink jet printer (figure
3.5). Silver inks prepared as described in sectibr&l were used to print at room
temperature and typically into a pattern of one lvith a length of 5mm.

The inks were printed on three different substras@® pm thick silicon substrate,
480 um alumina, and 810 um LTCC tapes.

Disposable cartridges (DMC-11610) used in this war& equipped with 16 silicon
nozzles located at 254 um spacing; the orifice efzeach nozzle is approximately 21 pum.
The ink droplets ejection was achieved by applyargb V pulse lasting 15 s at a frequency

of 1000 Hz. The substrate temperature was varad £0 to 60°C.
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Figure 3.5 Fujifilm Dimatix DMP-2831 ink jet printe

In printing process several parameters were exatrimeletermine their influence on
the print quality. The drop spacing (DS) was vatetween 5 and 60 um. A printed pattern
were composed of a square of 10x10 pixels and Sonmline varied in width between 200

and 300 um, both were printed a CPH of 0.35 mmaadvaltage of 25 V.

3.4.2 Meyer rods

In order to determine conductive and transparemopagaties of the Ag NWs, AgNWs films
were deposited on the previously glass and plastistrates using Meyer rods.

The ink utilised for this purpose was a AgNWs drispd in methanol with addition of 0.7
wt% of F127. Prior to the deposition, the glass washed with acetone and isopropanol and
then heated for 30 seconds at 200°C in order tpaate any residual solvent. The organic
components were removed by heating the wafer aP@Z0r 10 min. The films were built up
by depositing several layers of the Ag NW ink.

To deposit AgNWs film on a substrate, AQNWs ink wispped on a plastic or a glass
substrate. Then, a Mayer rod was pulled over theisa (figure 3.6) leaving a uniform layer

of the AgNWSs ink on a substrate with the thicknelependent on the used rod wires
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distribution as shown in Figure 3.6. Different AQM\films were obtained in terms of

resistivity and transparency properties by depusiti, 2, or 3 Ag NWs layers.

Figure 3.6 Meyer rod coating setup for Ag NW cogtim plastic substrate

3.4.3 Characterisation

The morphology of printed lines was measured byeféeative light optical microscope
(Nikon Optiphot 2) scanning electron microscopy NGESFEG XL30 FEI). A confocal
scanning laser microscope (Olympus Lext OLS3100 used to check surface topography
(profile) and roughness. The thickness of printieestracks was measured with a Dektak

instrument.

3.4.3.1 Conductivity measurement

Conductivity measurements of printed tracks on sates were performed using a four probe
technique. The printed film was firstly heated idr min in a range of temperature between
200 and 700 °C. After cooling down the samplesotmnr temperature the resistivity of the

film was measured.

3.4.3.2 Adhesion studies
Adhesion study involves investigating incorporatioh a nanosized silica fume as an

adhesion promoter within the ink silver. Adhesiasts were first carried out using a
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conventional scratch tester (model ST-3001) buwidts found that films failed at the
minimum available load (1N). Following this, tridigve been carried out using a nanotest
nanoindentak model 600 nano-indenter in scratahmese. In these measurements the stylus
is scanned over the sample three times: the fndttlaird with minimal force to measure the
initial and final topography, and the second witlpra-defined load applied to test film
adhesion. In the tests a maximum load of 200 mN w&ed in a scan across apnthick,
~300um wide Ag track (printed onto alumina tape andesied at 350 °C for 10 minutes) In
results has been showed that 200 mN was not entmugbratch the film with addition of
silica. Hence, in order to test the effect of vasi@ontent of silica in silver ink on adhesion of
the film to the substrate, a peel off test was eygd. In this case, tapes with various force of
adhesion were used indicated by different colobhgse with lowest adhesion (strengih,

yellow with higher adhesion and green with highaeitesion.

3.4.3.3 Hardness measurement

The hardness of the printed films was measured antlndenter (nanoindentak model 600
nano-indenter) This technique has the advantage of being ablectsuare properties such as
hardness and elastic modulus without removingna fiibm the substrate.

Silver thick films of 10 mrh dimensions were prepared by inkjet printing teghbei
on an alumina substrate. The printed patterns \wkogved to settle for 10 min, and then
dried at different temperature varied from 350 8700 °C for 10 min. The load placed on
the indenter tip was applied to the surface offilne at progressively greater load until the

user-defined value. The area of the residual ired&mt in the material was measured.

3.4.3.4 Transparency
Optical transmission spectra of AQNWSs films on ertiPET or glass were obtained using a

UV-Vis spectrometer with either bare PET or glasdtee reference. Transparent materials
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possess bandgaps with energies corresponding televeyths which are shorter than the
visible range of 200 nm to 750 nm. As such, photeitls energies below the bandgap are not
collected by the tested materials and thus vidigh passes through.

Ag films were obtained by depositing AgNWs ink olags and plastic substrates
using Meyer rods (method described in section R.Z12en the films were dried at 120 °C for

10 min.

3.5 Printing onto embossed structures

The micro-channels were formed by embossing ofilimon wafer and by laser machine on
alumina tape and Low Temperature Co-fired CerarhitCC) substrates. The embossing
process involves a master being pressed for a fewtas into a thin film of an alumina
substrate. Once recessed topography structurestdesmreformed, a silver nanoparticle ink
was dispensed over the as-formed microchannelg asinnkjet printer (Dimatix), described

in section 3.4.1.
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Chapter 4

Synthesis and characterisation of silver nanomateais

4.1 Introduction

Small and spherical Ag particles are required far development of an ink suitable for ink

jet printing. Powders should have diameters leas th100 the size of the nozzle diameter
that is usually in a few or a few tens of micromgteotherwise nozzle clogging would

normally occur. Such a small size gives the pasialnique properties which directly relate
to their dimensions and to the fact that a larg® raf the atoms in the particle is in the

surface of the particle. One of the advantages mgrfiom the nano-size of material is a
dramatic reduction in melting point. Moreover, thsical, electronic and magnetic properties
of particles improve with the size reduction.

For the preparation of nanopatrticles, small sizeasthe only requirement. For any
practical application and especially ink formulatidhe processing conditions needs to be
controlled in such a way that resulting materiadrelcterised with uniform size distribution,
identical morphology, chemical composition, andsta structure of particles. Additionally,
the particles, in liquid medium should be individyaispersed or mono dispersed, so that no
agglomeration occurs. Hence, it is very importamtchoose the most appropriate and
efficient method, while the application of obtairgafticles aims for ink formulation.

Several studies [136,137,138] including both topadcand bottom-up approaches,
have been developed and applied for the synthésmmmoparticles. Top-down techniques
including milling, repeated quenching, and lithqgrg can result in nanoparticles size
ranging from a couple of tens to several hundredsometer in diameter. However,

nanoparticles produced by for instance milling teghe have usually a relatively broad size
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distribution and varied particle shape. In additidrey may contain a significant amount of
impurities from the milling balls which can affabie final product.

Repeated quenching approach can also break downlka nbaterial into small
aggregates, if the material has a very small theooaductivity. However this process is
difficult to design and control and also to prodtive desired particle size and shape.

Bottom-up techniques includinghysical and chemical methods, such as chemical
reduction, electrochemical techniques, and photoate reduction129] are more popular
due to better results in size uniformity and shapearticles. It has been reported that the
size, morphology, stability and properties of thetah nanoparticles are strongly influenced
by the experimentalonditions [129].

All synthesis methods or techniques can be grouped twmm categories:
thermodynamic equilibrium approach and kinetic apph. In the first one, synthesis process
consists of (1) generation of supersaturationn(@jeation, and (3) subsequent growth. In the
kinetic approach, formation of nanopatrticles isieetd by either limiting theamount of
precursors available for the growth or confining girocess in a limited space.

In this chapter, the particle will be synthesisdatotigh thermodynamically
equilibrium approachThe design of synthesis methods in which the smerphology,
stability and properties can be easily controlegrioposed.

The results of the experimental investigation d¥esi nanoparticle synthesis using
wet chemistry and supercritical carbon dioxide (g)Gwill be discussed in details.

Wet chemistry is a cost effective, time saving amdironmental friendly method.
High yield and uniform particles are possible tdani using this technique. On the other
hand scCQis a very promising and above all, enviromentainidly method. Comparision of
those two techniques for silver preparation is @nésd including analysis of the influence of

process parameters on the particles’ size and rotogi
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4.1.1 Objectives

The objectives of this portion of the study were:

1. To develop new chemical methods for the synthekstver nanoparticles

2. To identify the influential factors in the synthesif Ag nanoparticles

3. To optimize the best conditions of the synthesid achieve the ultimate goal of a
small (< 100 nm), uniform Ag nanoparticlecs in higgh yield (1 g from synthesis in

a laboratory scale)

4.2 Study of wet chemistry parameters on size andarphology of silver particles

4.2.1 Effect of the silver nitride concentration
Ag nanopatrticles have been synthesized by the hanical method described in section
3.1.2 which is a simple and efficient synthesiscpture. The starting point of the synthesis
is dissolution of silver nitrate in water, wheretaiesalt splits into a positive silver ion (8g
and a negative nitrate ion (N&. In order to turn the silver ions into solid sity a
stoichiometric amount of hydrazine aqueous solutsoadded. Hydrazine as a fast reducing
agent enables to achieve small particles. Usirasareduction agent results in the formation
of many silver seeds at the early stage of thehggm process, and prevents the formation of
larger nanopatrticles. The chemical reaction mayviiten:
2AgNO; + 4N;H,OH—» 2Ag + 5N+ 10H0 (4.1)

When the silver seeds are formed it starts to gromtinuously until the equilibrium between
the final nanoparticles and the (A@f the solution is reached [139].

The effect of silver nitrate concentration on tleesand shape of Ag particles was
determined by preparing different concentrationnadtal salt solutions. Figure 4.1 shows
SEM images of particles synthesized with differprécursor concentration. Three different

concentrations of the salt precursor were usedis gtudy. Concentration of AgNQvas
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varied from 5*1¢f to 3*10°M and hydrazine concentration from 1.25%1b 7.5*10° M. It
was found that the concentration has great inflaeon particle size. The particle size
distributions became narrower and the average cpartizes decreased with decreasing

concentration of silver nitrate.

agn Det WD . AccV SpotMagn  Det WD\ ——————— 2m
L 16479% SE. 9.9 . o | 7 200kv30 16696x SE 193
: -y =

R
_.\ N
y D
»o

a&Ace:_';_ ot Magn  Det WD I—,j:l—r‘—| 2pm
= 20.0. kM3 16606x TLD b7 . 3 S

N

Figure 4.1 SEM micrograph of silver nanopatrticlgstsesised from (a) 0.05M, (b) 0.03M,
and (c) 0.0005M solution of AQNO

__ 1000 -

£

< 800 A ¢

S

[7,}

o 600 A

S

5 400 - *

‘S

o 200

[T+

i

3 0 T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06

Silver nitrate concentration (M)

Figure 4.2 Graph showing the size dependence atuga@ concentration of the samples
shown in figure 4.1
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At lower concentrations, the diffusion rates daseeand reduced number of ions is
reduced, as a result, smaller particles form. Wail@igher concentrations more silver ions
are available for reaction and the diffusion rates higher. The ions react to form Ag which
nucleates instantaneously, and then with furtheilawility of ions, the nuclei grow into
larger particles rather than causing fresh nudedti29].

The XRD patterns of spherical Ag nanopatrticles \gitte between 200-800 nm are shown in
figure 4.3 All of the three characteristic peaks ddver (D = 38.2°, 44.4°, 64.5°, 77.5° and

81.6°), corresponding to Miller indices (111), (20®20), (311) and (222), are observed.
The decrease of Ag nanopatrticle size results indd@ease in the intensity of these peaks.
The appearance of those peaks reveals that thikargsparticles are pure face centred cubic

(fcc) silver.
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Figure 4.3 XRD pattern of silver particles prepawmith various concentration of AgNO
solution.AgNQ

Reduction by hydrazine gave size of silver partidketween 200 nm and 800 nm
depend on silver salt concentration. Although ttee ®f silver particles was reduced by

means of decreasing its precursor concentratiopdhteles still remained aggregated.
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4.2.2 Effect of different capping agent on the forration of silver nanopatrticles

The next step in attempt of decreasing the sizeadicles was introducing the capping agent
that would prevent further growth of particles. Terpose of surfactant or polymer is to
preventing particles from agglomerating by prodgcnprotective shell around the forming
particle. The important condition is that the diabr molecules are dissolved in a good
solvent. A large number of polymers is commercialsailable. In our experiment, as a first
the PVP polymer was chosen as it has good redymogerties and forms easily complex
with silver ions [140].

PVP as a silver capping agent was introducedgN@; and hydrazine solution. The

molar ratio between PVP and Agh@as 1:1. Figure 4.4 shows the possible PVP priotect

mechanism.
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Figure 4.4 PVP protection mechanism of Ag nanopladi

The PVP donates a lone pair of electrons of oxyaeth nitrogen to sp orbitals of
silver ions which results in forming Ag-ions-PVRneplexes. The Ag ions mix more
electronic clouds with PVP than from water as altgbe silver ions in a complex with PVP
are more easely reduced by hydrazine. Additionddgcause of the PVP steric effect the

aggregation and grains growth are prevented [141].
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Figure 4.5 shows SEM image (a) and XRD patternofbilver particles prepared
with a presence of PVP protecting agent. The aalditif PVP considerably reduced the size

of particles resulting in spherical silver nanojdes as small as 20 nm.
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Figure 4.5 SEM micrograph (a) and XRD pattern (b3itver particles prepared in presence
of PVP

The XRD patterns reveal the presence of Ag nanigpestin obtained samples. All of
the five characteristic peaks for silver6(2 38.2°, 44.4°, 64.5°, 77.5° and 81.6°),
corresponding to Miller indices (111), (200), (22@311) and (222), are observed. The
particle size could be calculated from the Ag (1diffraction line using Scherrer's formula,

t=K\/p coso 4
where t was the mean dimension of the crystalliesas the full width at half maximum of
the diffraction peakf was the diffraction angle, was the wave length of CuoKradiation
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(0.1540 nm), and k was a constant (0.89). The tztkea size of silver nanopatrticle protected
by PVP was about 20 nm which is in a good agreeméhtthe value obtained from SEM.
Although the size and shape of obtained particléis avpresence of PVP were desired, there
was a problem with separation of particles fromsbkition. With a view of improving this
disadvantage the surfactant sodium bis (2-ethylhesuffosuccinate (AOT) was used as an
alternative capping agent and a new simple proecsas described for the synthesis of

silver particles.

Reaction mechanism

The aqueous foam was formed after an aqueous @olafiAOT was added to an aqueous
solution of AgNQ. Ag * ions were bonded electrostatic with AOT moleculegha air
bubble-solution interface. The silver ions wereuall in the foam by hydrazine and results

in the formation of silver nanopatrticles stabilizgdthe anionic surfactants (figure 4.6).
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Figure 4.6 Schematic diagram of silver particletegsis mechanism
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Foam provides a high surface area of air bubblgsedsed in a liquid. The surfactant
adsorbs at the gas-liquid interface stabilizinglihbbles of the foam. As a result the surface
provides a high concentration of nucleation cenfires which silver particles to grow. The
surface therefore acts as a good template foradhysttion. Silver ions are kept and spatially
separated preventing the formation of large sipaaticles when reduced to silver metal.

The high yield of synthesised silver particles wdrained, indicating that a foam-
based method for the synthesis of nanomaterialwshioat the large internal surface area of
the foam can be utilized to synthesize large anwohhanomaterials in a single step.

Figure 4.7 presents SEM (a) and XRD (b) patterrAgfparticles prepared in the
presence of AOT stabilizing agent. The five diffran peaks at @ of 38.2°, 44.4°, 64.5°,
77.5° and 81.6° respectively could be indexed 44)(1(200), (220), (311) and (222) Miller
indices reflection of the face-centred cubic (fsttucture of silver. The calculated size values
for Ag samples protected by AOT, by Scherer formala®d of 38.2° are general
approximations to those of SEM observation whichi2@s nm. Although silver is easily
oxidized to oxides, some possible oxides such @©O(AAgQ) are not observed in the XRD
profiles. It might be due to the presence of aadnt that forms a protective layer
preventing oxidation of metal. It indicates thae thresented synthetic method for Ag is
feasible in achieving metallic silver structuretaking into account the fact that the samples
have been exposed to the air and water for a lomg during the synthesis, still remaining

the absence of silver oxides.
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Figure 4.7 SEM micrograph (a) and XRD pattern (b) of gilparticles prepared with
presence of AOT

Unlike the silverparticles prepared with P\, AOT protected silver particles we
easily separated from the soluti That might be due to high solubility of PVP in we As a
result low yield of particles protected by PVP vedained For thisreason AOT was chost
to be used in further process

It should also be mentioned that although polyntabiBzers play a very importa
role in the synthesis of metal nanoparticles, tlgatrsesis without using any polym
stabilizers can be prepared well.[142]. Yin et al. [143] synthesisesllver nanoparticle

through tollens process without adding any stabtjzreagent, as synthesized aque

78



dispersion of silver nanoparticles of 20—30 nm ire svas found to be very stable due to
electrostatic stabilization mechanism. However, ghdicle size is sensitively dependent on
the synthesis temperature and any variation of ésatpre would results in a significant

change of metal nanopatrticles size.

4.2.2.1 The effect of AOT concentration on particlsize
The appropriate amount of present surfactant instilation is very important for the well
working protection mechanism. From the thermodymapwint of view, the interaction
between two approaching and fully covered by stadil particles will occur when the
distance (d) between the particles becomes shtnter twice the thickness (L) of the
stabilizer layer on the particles. In this cases Gibbs free energy will increase and the
particles repel each other. However, when themdisnough a stabilizer present to cover the
surface, the polymer tends to interpenetrate ihtodther polymers in order to reduce the
unoccupied space between them resulting in deogdbe Gibbs energy, hence causing
further agglomeration [129]. This reduces the gntrof the system.
Equation 4.3 expresses the change in Gibbs freggne
AG=AH-TAS >0 4.3)
where, AG is the change in Gibbs free energy is the change in enthalpy, T is is the
temperature ands is the change in entropy.
Equation 4.4 describesH:
AH = Ugys+ PV (4.4)
Where Usis the energy of the system, P is the pressure/aadhe volume.
If the change in energy for the system of the twaatiples approaching each other
comes to zero theAH can reach zero. Taking this into account, it bansaid from the

equation 4.3 that two particles covered with siaéil will repel each other. Hence, the
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distance between the particles must#t. [129] in order to prevent the aggregation of the
particles.

Based on the results of the previous tests, adarfaRAOT was chosen to study the
effect of its concentration on particle size andpgh It was carried out by preparing solutions
of AOT with different concentrations, ranking frodmmM up to 0.01 M. The prepared
solutions were used in Ag synthesis, while the otioaditions were kept the same.

Figure 4.8 shows nanoparticles tracking analysiSANof Ag NPs prepared with various
AOT concentrations4 mM (a), 7 mM (b), 9 mM (c), and 0.01 M (d))he results revealed
that the size of Ag nanoparticles can be tuned dmycentration of AOT The average
diameter of Ag nanoparticles from NTA was 80 + 36 when concentration of AOT was
4mN. Increasing the concentration of AOT up to 7niétl to the average diameter of Ag
nanoparticles of 70 £ 10 nm. When the concentraifiohOT was further increased to 9 mM,
the average diameter of Ag nanoparticles was 6P am. When the concentration of AOT
was increased to 0.01 M, the average diametertafradl Ag nanopatrticles increased to

110 £ 36 nm.

Summarizing the experimental resulfgmarticle size decreased as the amount of
surfactant was increased. This might be explainethe fact that the smaller droplets have
more collisions and therefore need more surfadtastabilize the particles. During particle

nucleation, the better colloidal stabilizer in tihéial stage of particle growth in batch will

lead to smaller final size of particles [144].
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Figure 4.8 NTA analyses of Ag particles preparethwifferent AOT concentration

However based on obtained results it might be thetla further increase in surfactant
concentration will not necessarily lead to a dramaeduction in particle size. More
surfactant in a solution can also lead to the presef free surfactant micelles.

Figure 4.9 presents SEM pictures of Ag particlegined from the 4 mM (a),

7 mM (b), 9 mM (c), and 0.01 M (dThe morphology of all obtained particles was suiaé¢
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Figure 4.9 SEM microérphs of Ag particles obtaiaeda) 4mM, (b) 7mM , (c) 9mM, and
(d) 0.01M AOT

The average size of particles obtained with AOThat SEM picture is smaller than
those obtained with NTA analysis. This is due tetshing of the AOT molecules away from
the Ag particles while suspended in a liquid soluti Since the NTA measurements are
performed on the nanoparticle solution, the diamete¢he particle will be measured as two
times the thickness of the AOT layer plus the di@mmef the actual particle. On the other
hand, during SEM measurement, the particle is placea wafer and the solvent is removed,
as a result AOT layer on the particle will collapseits surface. This means that the diameter
will decrease compared to that measured by NTA,dvewit is still bigger than the actual

particle.
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4.2.3 Effect d NaOH concentration

The role of NaOH on the size and morphology ofIfiparticles was studied by varying

concentration. At the end of the synthesis pro&¢s®SH was added. It has been foithat
addition of NaOHincreases the production yi, reducs the size of particles and impro\
the morphology of the Ag particlesAdditionally, When the concentration of sodi-

hydroxide solution is high (0.3 mol) the obtainedrphology was the spherical nanoparti

while no presence of NaOEhuses irregular shape of the particlieggu¢e 4.10). Different
concentration of sodium hydroxide resulted in vasionorphology and size of finparticles
(figure 4.11).The size and the morphology of the samples werestnyated by SEM. Imag:
in figure 4.10 shows $@rical Ag nanoparticles -c) with the average size between 80

400 nm depends on the NaOH concentratFigure 4.10(d) shows the disks shape sil

structureswith average size of 250 1.
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Figure 4.10 Ag nanoparticles prepared with NaOHceoitration of (a) 0.005 mol, (b) 0.125,
(c) 0.025 mol and (d) without addition of NaOH
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Figure 4.11 Graph showing the size dependence ddHNeoncentration of the samples
shown in figure 4.10

The XRD patterns of spherical Ag nanoparticles wsihe between 20-250 nm
areshown in figure 4.12 All of the three charastizi peaks for silver 2= 38.2°, 44.4°,
64.5°, 77.5° and 81.6°), corresponding to Millediges (111), (200), (220), (311) and (222),

are observed. The intensity of these peaks deateasthe size of the particles decreases.
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Figure 4.12 XRD pattern of silver particles pregianeth 0.005 mol, 0.025 mol
0.125 mol, and without addition of NaOH
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4.3 Study of scCQsynthesis parameters on size and morphology of séivparticles

A scCQ as a second method to be investigated for symsthafSiAg nanoparticles was
prompted by the advantageous properties of sufieatrfluids that bring the benefits of
broad process application. Sc&€mbines properties of liquid such as high soitybdnd
high density as well as those of gases, like loseasity. More over is not-toxic, and easy to
recover. Its dissolving properties can be widelyiach by alteration of pressure and

temperature.

UV-Vis analysis

To check the effect of various factors, such asetipressure and temperature, on final
product, UV-Vis spectrophotometer was used. In me&oparticles such as silver, the
conduction and valence band areoverlapped soltbatléctrons can move freely. Due to the
collective oscillation of electrons of silver namoficles in resonance with the light wave
[147], the free electrons give rise to a surfacasiplon resonance (SPR) absorption band
[148-150]. The electric field of an approaching wasauses a polarization of the electrons
with respect to much heavier ionic core of silvanoparticles, resulting in that a net charge
difference occur which in turn acts as a restofarge. This forms a dipolar oscillation of all
the electrons in the same phase. A strong absarpikes place, when the frequency of the
electromagnetic field becomes resonant with theeit electron motion. This absorption
strongly depends on the size of the particlesedigt medium and chemical surroundings
[151, 152]. The absorption peak (SPR) for silvetaoted with scCQis in the visible range

at 410 nm.
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4.3.1. Effect of reaction time on particles growth

The reduction of silver nitrate in ethylene gly¢oarry out in a reaction vessel) might be
written as follows:
HO-CH,-CH,-OH — 2 CHCHO + 2 HO (4.5)
2 CHCHO + 2 AJ—*> CHCO-OCCH + 2 Ag + 2H (4.6)

The mass transfer of scG@iffuses effectively into reaction solution to prote the
synthesis of particles [145]. The high diffusivipf scCQ reduces the viscosity of the
ethylene glycol and penetrates the entire solutiopromote the contact frequency of silver
ions (Ag) and electrons {(g[146].

The reaction was carried out for 1 and 3 hoursaaious pressures and temperatures.
Figure 4.13 shows the Uv-Vis spectrum of Ag paegctynthesised at 200 bar and 80 °C for 1
hr. It can be noticed that shorter time of reactiesulted in a low absorbance value of 0.14,
moreover after a three days the absorbance vatusil¥er dispersion increased up to 0.21.
That indicated that in the obtained sample someuainof AgNQ; was presented and its
further reduction with ethanol took place. The sdras been done for the other temperatures
and pressures values and the results are showmlile B.1. Based on the results, it was
decided to perform all reactions for 3 hours. Tanptete the reaction, either high

temperature, or high pressure was required.
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Figure 4.13 UV-vis spectrum of Ag nanofluid madeanditions: 200 bar, 80 °C and 1hrs.
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Table 4.1 The presence of Aghl@h a receiving fluid from synthesis of silver peles at
different pressure, temperature and time

Pressure | Temperaturg Time | Presence of AgN@in a collected
[bar ] [°C] [hour] solution
50 1 Yes
3 Yes
160 60 1 Yes
3 Yes
80 1 Yes
3 No
50 1 Yes
180 3 Yes
60 1 Yes
3 Yes
80 1 Yes
3 No
50 1 Yes
200 3 Yes
60 1 Yes
3 Yes
80 1 Yes
3 No

4.3.2. Effect of temperature on particles growth

The particles synthesized by chemical reductioncargsisted of two steps; the nucleation
that forms new particles and growth of grain timateases the particles’ characteristic length.
Faster nucleation relative to the grain growth piess a smaller particle size and this process
is very sensitive to temperature [153]. Figure 4shéws UV-Vis absorption spectra of the
synthesised Ag nanoparticles at 200 bars and 5@&r@D80 °C. The absorption peak of silver
is obtained in the visible range at 410 nm.
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For the lower temperatures the peaks are broadeingdo the smaller size of the

particles.
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Figure 4.14 UV-Vis spectrum of Ag ink made at 2@® &nd different temperatures, for 3 hrs

Figure 4.15 presents SEM images of the as-syn@mksfry nanoparticles. It was
found that they are spherical, and 30, 50, and df0in diameter at 50, 60, and 80 °C
respectively, carrying out the reaction at 200 blrmay be that at higher temperatures the
rate of particle growth increases and possibly deadthe formation of larger Ag particles.
However, a lower reaction temperature resulted smaller value of absorbance, indicating
that the energy is not big enough for ethylene @lyo transfer aldehydes into ketones,

producing electrons to form Ag nanoparticles via shpercritical C@process.
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Figure 4.15 SEM mlcrographs of Ag particles pregat(a) 50 °C, (b) 60 °C, and (c) 80 °C

4.3.3. Effect of pressure on Ag particles growth
The pressure variable is of the same importantceragerature and chemical composition for
synthesis of nanoparticles.
The energy barriekG* forms a spherical nucleus described by [154, 155]
AG* = 16my3/ 34G2 4.7)
where is the interfacial energWu is the difference in chemical potentialjs the number
density andAG, is the difference in Gibb's free energy per upiuwme. The variation of the

energy barrier with pressure can be formulated as

PT (3AG*)( (ZAG*) aAGv)

AG v

(4.8)
The pressure variation of interfacial energy isyv@nall and can be ignored when compared

with AG,. With increasing the pressure, the energy baofierucleation step is lowered; as a
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result, the nucleation rate is stepped-up. Accgrdanthe phase transition theory, the lower
ratio of growth rate to nucleation rate causesdén@eased size of particles. Therefore, when
the pressure increases, the particle size decrdagese 4.16 shows the UV-Vis absorption

spectra of silver nanopatrticles.
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Figure 4.16 UV-Vis spectrum of Ag ink made at 8Q 3@rs, at various pressures (160, 180,
and 200 bars)

The results show that, the intensity of absorppieak, at about 410 nm increases with
the increase of pressure. That indicates that itjfieeh yield can be obtained with a higher
pressure. Figure 4.17 presents SEM images of theahgparticles synthesised at 80 °C at
160, 180, and 200 bars. The Ag nanoparticles aalglsmall and have a uniform dispersion
due to increased solubility of GQo ethylene glycol obtained by increasing pres$uss,
157]. With increasing the pressure, density andsniasnsfer increased and hence efficiency
of supercritical C@ enhances the solubility of supercritical £0 ethylene glycol, which
makes the reactive solution rapidly reach suparrgtibn. In the same time it can increases

the nucleation rate to affect instantaneous formnadf Ag nuclei.
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Figure 4.17 SEM micrographs of Ag particles predaaé 80 °C and (a) 160, (b) 80, and
(c) 200 bar, for 3 hrs

Figure 4.18 presents the SEM picture of Ag nanagest obtained at a ratio of PVP (MW
10,000)/AgNQ@ = 1 in the presence of ethylene glycol using aestngical CQ-assisted
process at 180 °C and 200 bar for 3 hrs. Those wWexebest conditions optimized for

synthesis of Ag particles in scGO
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Figure 4.18 SEM micrograph of silver particles @negal in scC@at 200bar and 80 °C for 3
hrs
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4.4 Summary

An objective of this part of study was to develomathod that would allow the creation of
large numbers of particles easily separable fraensthlution and capable to contribute to the
formation of stable ink.

The wet chemistry method was developed and varieastion conditions were
analysed. The morphology and dimensions of theymboadere found to strongly depend on
reaction conditions such as type of capping agmmtcentration of AQN@QAOT and NaOH.
The initial concentration of AgN{had to be lower thar0.3 M; otherwise the final product
reaches the size of 700 nm with irregular shapesndJAOT as a stabilizer the size of
obtained particles was 20 nm, they were much easjgarated from the solution compared to
using PVP. The molar ratio between AOT and AgN¥@s set as 2:1 resulting in the smallest
size of particles, changing it to 1:2 or 1:0.5 geaticles size increased. Hence, the particle
size decreased as the amount of surfactant wasaset. However based on obtained results
it might be said that a further increase in sugattoncentration will not necessarily lead to
a dramatic reduction in particle size as more staf# in a solution can lead to the presence
of free surfactant micelles. Addition of NaOH wasjuired to obtain the spherical and small
particles in high yield.

Another chosen method for Ag particles synthesiss vgaCQ. It is a very
environmental friendly approach as the organic exttiy are replaced by supercritical fluids
with low toxicity.

The influence of scCOpressure and temperature on silver size was iga¢stl. The
size of obtained particles decreased with increas€@) pressure and its temperature. 200
bars and 80 °C was the conditions under which thallest size of particles was obtained.
The time of reaction was investigated as well, shgwhat with longer time processing, the

higher yield was possible to obtain. However thewes still, compared to wet chemistry
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method, not enough powder for further processinddi#onally, the wet chemistry method
offers better stabilization of nanoparticles fronggmeration, easier extraction of
nanoparticles from solvent, simpler control progggand enables a mass production.

For these reasons the wet chemistry method wasohims make Ag particles for
formulating the silver inks. The characterisatiord application of these particles will be

described in the next chapters.
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Chapter 5

Development of high loading silver ink

5.1 Introduction

The preparation of metal inks requires the use efaimparticles that have extremely small
size to avoid the clogging of printer head. A siigaint decrease in particle size increases the
difficulty to produce highly concentrated stablesmhrsions due to the stronger agglomeration
and extremely high surface energy, and thereforeeduires the development of new
dispersion procedures, including selection of appate dispersants and tools to obtain
long-term dispersion stability.

Once the stable dispersion of nanoparticles isimddia the ink formulation must be
adjusted according to the given specification rémar the dimension of the patterns as well
as a required resolution. Additionally the rheotadibehaviour must be adapted to reach the
process requirements.

The conductivity of printed tracks increases witk thickness of the tracks. In order
to achieve thick conductive tracks with few printagers, high solid content has to be loaded
in the ink. The more concentrated the ink is, thieker film is possible to obtain with better
conductive properties, which would save time ardice the costs of the process, otherwise
more layers are required to lay down on the sutestyg repetitive printing procedure. Plus
higher content of solid in ink also increases #motution of printed features since less liquid
is deposited with one drop of ink.

This chapter focuses on the development and clesisation of high loading and

stable Ag inks.
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5.1.1 Objectives

The objectives of this portion of the study were:

1. To formulate and optimise silver inks suitableiftt jet printing application

2. To identify the optimum dispersant for the Ag inks

3. To evaluate the performances of obtained inks dioty study the rheology, surface
energy, stability and electrical properties of Ageinks

4. To reduce the number of layers in the silver narapes film processing by
increasing the thickness of a single layer withgbal of obtaining a dense 1 pum thick

and conductive film (as close as possible to thie aiue, 1.58 @ cm).

5.2 Ag inks formulation

The inks for inkjet printing were prepared with fdient silver particles. They were
synthesised by the wet chemistry method describeagction 3.1.2, but treated with different
solvents, either 2-propanol (IPA) or acetone after synthesis. It has been found that the
subsequent aggregates of Ag particles have vasmes and the inks prepared using these
particles behave differently (figure 5.1). It haseh observed that acetone-treated Ag NPs
could be better dispersed in agueous-based soleiiably due to the formation of a more
hydrophilic surface. Figure 5.1 (a) shows nanoplagi tracking analysis (NTA) of Ag NPs
treated with two solvents. NTA is an innovativetsys for sizing particles from about 30 to
1000 nm, with the lower detection limit being degent on the refractive index of the
nanoparticles. This technique combines laser liggdattering microscopy (DLS) with a
charge-coupled device (CCD) camera, which enalilesvisualization and recording of
nanoparticles in solution. The NTA software is tredle to identify and track individual
nanoparticles moving under Brownian motion andteslahe movement to a particle size

according to the well-known Stokes-Einstein equmatio
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The results show that the average size distributibparticle agglomerates treated with

acetone is 80 nm and more uniform compared to ttreaged with IPA.

Concentration ( x10%particles/ml)

O T T T T T 1
0 50 100 150 200 250 300
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| ]
]
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Figure 5.1 (a) nanoparticles tracking analysis (NBA Ag NPs treated with two solvents,
and (b) zeta potential measurement of dispersedafgparticles in water

From the obtained results, the agglomeration statealso determined by the colour
of the dispersed nanoparticles in solution. Whendiameters of the nanoparticles increased,
the maximum absorbance wavelength shifted towdredsdéd which is visually observed in
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colour of the dispersion. It can be seen in thetind figure 5.1 (a) that a dilute solution of
Ag NPs treated with acetone presents a yellow-broalour while the solution with the
particles treated with IPA shows a grey colour ¢ating the presence of bigger
agglomerates.

Different behaviour of particles in aqueous medindicated that their surface charge
density vary from each other. To assure the wetlpelised and electrostaticly stable
dispersion of particles, the strong repulsive ferbave to be generated on their surfaces. In
order to compare the surface charge of the pastitkated with acetone and IPA, the zeta
potentials of two silver aqueous suspensions &rdifit pH values were measured and they
are presented in figure 5.1 (b). For both silvespdrsions, the zeta potential is at the
minimum when pH is between 2 and 3, indicating tiha&t force of electrostatic repulsion
between particles is weaker than it is at othervphies, and precipitation occurs. When pH
is in the range of 3 to 8, the electrostatic repuldorce between particles increases and
becomes sufficient to prevent particles from coatd) and settling. At pH ~ 8, the zeta
potential shows the highest value which indicatest tthe electrostatic repulsion force
between particles are the strongest so the digpessability of Ag nanoparticles at this pH is
the best. Particles treated with acetone reachadla of zeta potential of -70 mV.

Figure 5.2 (a) and (b) show the SEM and XRD oftlsgsized Ag NPs treated with
acetone. Ag NPs are well crystallized evidencedXRRD and some agglomerates can be
observed in the SEM image, but compared with theighes treated with 2-propanol,

(described in section 4.2.2.1) the sizes of thgggoanerates are much smaller.
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Figure 5.2 (a) SEM micrographs and (b) XRD pattd#rAg particles treated with acetone

The average size of the obtained particles at & Pictures is around 20-30 nm.
This is smaller than obtained with NTA analysisr(80). This is due to stretching of the AOT
molecules away from the Ag particles while suspeénidea liquid solution. Since the NTA
measurements are performed on the nanoparticlé@ulthe diameter of the particle will be
measured as two times the thickness of the AOTr lplyes the diameter of the actual particle.
On the other hand, during SEM and TEM measurentleatparticle is placed on a wafer and
the solvent is removed, as a result AOT layer enpidticle will collapse on its surface. This
means that the diameter will decrease compareddatomieasured by NTA, however it is still
bigger than the actual particle size.
The possible maximum loading of the particles &dawith IPA was 5 wt% using
combination of F127 and HIFU technique. While uskx particles treated with acetone it

was possible to obtain 45 wt% Ag dispersion. T&bhlepresents the formulation of Ag inks.
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Table 5.1 Ag inks formula

Ink | Solvent Powder Dispersant
Name wt% | Name wit% Name wit%

Al | Water 92.9 | Ag/IPA 5 F127 2.1

A2 | Water 52.9 | Ag/Acetone45 F127 2.1

Two inks will be separately described below in terofi their properties, printability

and post annealing characterisation.

5.3 Physicochemical properties of silver nanofluidand the effect of F127 and HIFU on

its properties — AG1 formula

5.3.1 Rheologiccal behaviour of silver nanofluid

The important characteristic of inks for inkjetrging is their rheological behaviour. During
inkjet printing, the high shear is applied to thezzle; hence it is important to observe the
rheological property of the ink to get an idea admhaviour of the ink during printing.

On rheological parameters, such as viscosity aelll \8tress, a solid content has an
influence. Figure 5.3 presents the change in visco$ the aqueous Ag suspensions against
shear rate. The suspensions contain Ag particlésdifferent solid concentrations (1, 3, and
5 wt %). It can be seen, as expected, that thesiigcrises with increasing silver content in a
fluid. The viscosity value for 1wt% of silver inkns 1.6 mPa s and it increases up to 2.1 mPa
s when silver loading increases to 5 wt%. Thatugs tb the increase of the interaction

between silver particles when solid content inaesasThe rheological behaviour of the
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suspension containing nanoparticles depends maomythe interaction between the
nanoparticles. When two suspended particles appreach other, the double layer on each
particle overlaps and repulsive forces on eachrahegenerated. These repulsive forces are
partly influenced by an attractive force due to ttaan der Waals interaction between the

approaching particles, as well as on the medium déine dispersed [66].
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Figure 5.3 Rheological behaviour of ink with difet silver contents. The ratio of Ag: F127
is fixed at 1:0.6 by weight

The yield stress is the minimum stress value neéddat applied before the fluid
flows. Yield stress valuestd) were calculated by Bingham (equation (5.1)) arabson

(equation (5.2)) models [158],

T=104+7 (5.1)
VT= VT + Ty (5.2)

wherert is the shear stress (P&j,the yield stress (Pajy, the viscosity (Pa s)when the shear
rate,y (s%), reaches an infinite value.

The above Bingham model only studies the linear gfathe curve of shear stress as a
function of shear rate, while the Casson modelistuthe entire curve. The correlation factor
(R for the two models was always close to 1, indicathat both models approximate the
viscosity curves. Table 5.2 shows the yield stredaes and correlation coefficient for Ag
fluid with various solid concentrations.
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Table 5.2 Parameters and correlation coefficienffpinks

Sample Ag Bingham model Casson model
concentration

N° (Wt%) 10 (Pa) R 10 (Pa) R

1 1 0.25+0.001 0.996 0.08+0.01 0.998

2 3 0.41+0.0004 0.992 0.12+0.02 0.997

3 5 0.63+0.001 0.995 0.21+0.01 0.998

When silver content increases from 1% to 5%, ysttdss increases from 0.25 to 0.63
Pa for a Bingham model and from 0.08 to 0.21 P&asson model.

Based on obtained results, one can say that the displays a Bingham plastic
behavior. In this model, fluid has linear sheagstrwhich requires a finite yield stress before
fluid flows. After this point the flow rate increes steadily with increasing shear stress
(figure 5.3). The physical reason for this behavisuhat the liquid contains particles which
interact, creating a denser structure and a cedaount of stress is required to break this
structure. Once the structure has been brokenpéngcles move with the liquid under

viscous forces [158].

5.3.1.1 Dispersant amount optimization

It is important to determine the optimal amountddpersant in a particle suspension
as an insufficient amount of dispersant would regulthe flocculation of some particles
while excessive amount of dispersant would increhseviscosity, and either of these is
causing destabilisation of the suspension.

The well-known method for dispersant amount opation is the measurement of
viscosity. When the particles agglomerates trapeshauid the suspension behaves like it has

apparent higher solid content. Hence it is possiblaise the viscosity measurement to
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determinate the best amount of dispersant to bedatitla suspension. With the increasing
concentration of dispersant the viscosity of thepdrsion usually decreases up to certain
concentration followed by increasing viscosity abdlvat concentration.

Plotting the viscosity versus amount of added disg# results in the curve where the
minimum of the viscosity value corresponds to themum amount of dispersant. This point
indicates that the particles are covered with afdayf dispersant which enables stabilisation
of particles in liquid media.

Figure 5.4 shows the influence of dispersant coimagon on the particle size of

1 wt% Ag aqueous suspension, at different HIFU §me

250 ~

200 1 \_/‘_-_-__‘
150 A
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100 - —8&—30 min HIFU
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Particle size (nm)
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Figure 5.4 Effect of different amounts of copolynaeided tol wt% of Ag suspension on the
particles size at different HIFU treatment times

It can be seen that the average particle sizedisaed with the increase of dispersant
(F127) amount and reaches the minimum at the caratem of 0.6 wt% at any given HIFU
time. However, at a given dispersant concentratitm average silver particle size firstly
decreases with the time of HIFU treatment up tord®, and then increases to larger value at
HIFU treatment for 90 min. The minimum particleesiwas obtained in a silver suspension

with 0.6 wt% F127 after 60 min HIFU treatment. @sing the time of HIFU treatment leads
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to finer particles and thus increases the surfaea, avhich needs more dispersant to cover
the fresh surface. The amount of dispersant addsi27 wt% may not be enough therefore
leading to the reagglomeration. It is known tha&t éldhesive forces of nano particles increase
rapidly and become the dominant factor.

Figure 5.5 shows the change of viscosity agairesttmcentration of dispersant at
1 wt% Ag concentration suspension. The HIFU treatniene was varied from 10 to 90 min
for each sample. As can be seen, the viscosityesali any given HIFU treatment time
decrease gradually with increasing concentratiodigpersant and reach a minimum at the
concentration of 0.6 wt%. Further addition of digamt raises the viscosity of the
suspension. This specific amount of copolymer latee to the size and the surface area of
the particle to be covered: smaller particle sizans higher surface area and hence higher

amount of dispersant is needed.
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Figure 5.5 Effect of copolymer concentration on ¥iszosity of 1% Ag aqueous suspension
at different HIFU treatment times

These results shown in Figures 5.4 and 5.5 indittae the amount of F127 required for
monolayer coverage and the amount required forhiegdhe minimum viscosity correlate

very well.
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5.3.1.2 Investigation of dispersing method

Particle size reduction and their dispersion camadigeved with various techniques,
such as ball milling or ultrasaounds methods. laspnt work, for the first time, HIFU
technique has been investigated as a potentialatidtr preparing particle dispersion. As a
top-down technique, and in comparison with conwsral ultrasonic agitation and ball
milling methods, HIFU introduces several novel atp¢56]: (1) The high amplitudes (up to
1% Pa) and frequency (~161z) mean that as a beam propagates, it deforms;andevelop
a "shock" wave front, i.e. the non-linear propagateffects; (2) Since the frequency of
ultrasound is increased from 18z to ~16 Hz, the threshold value of strong micro scale
transient cavitations are significantly increas@terefore, the immense temperatures and
pressures and the extraordinary heating and cooéites generated by cavitations bubble
collapse could be alleviated. There’s no distiechperature increase at all [56]; (3) It avoids
the possible contamination to the fluid due to bbasbkage during ball miling and the
prolonged ball milling process.

Figure 5.6 illustrates the change of average parsize against HIFU treatment time
for different Ag contents at a given dispersantcamtration. With the increase of the HIFU
treatment time up to 60 min, the particle size eases in each sample. When the dispersion
has low content of Ag particles the effect of HIEgatment is better resulting in the smaller
size of the particles. Although the minimum sizeassible to obtain in the suspension with 5
wt% Ag (60 min HIFU treatment), the increase o¥ailcontent up to 10 wt% in a suspension

slows down the disaggregation process.
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Figure 5.6 Particle size as a function of HIFU tneent time at different solid loading

5.3.1.3 Stability

The nanopartricles dispersion should be stableggreagtion and precipitaion in
order to prevent nozzle clogging and to obtainwith reproducible performance. The ink
should be stable at least during the process aitipg (8 hrs), and in the best case, for
printed electronics applications, it is good tarstthe ink for several months because silver is
expensive.

To evaluate the stability of nanofluids treated HifvU with the presence of F127
copolymer, the viscosity of nanofluids, containibgwt% Ag nanoparticles, 0.6 wt%
dispersant and treated by HIFU for 60 min, was mmemk against the time over 20 days
(figure 5.7). It was found that there was almostviszosity change up to 10 days and after
this time, viscosity linearly but slowly increaseth the time. The increase of viscosity from
2.1 mPasin Day 1 to 2.3 mPa s in Day 20 was altleet agglomeration and the formation of

larger particle clusters. However, no sedimentatias observed up to 20 days.

105



2.4 A

—_ .
. o °
% * o * * o
R
@
o
a
2
1.6 T T T T 1
0 5 10 15 20 25
Time (days)

Figure 5.7 Viscosity change of nanofluid treatedHifU in the presence of F127 against
time

The formed large patrticle clusters due to the agglation could be broken and re-
dispersed in the water if HIFU treatment is re-used the rhoelogical properties of the

dispersion can resume to the inital values, extenthe shelf life of the ink up to 1 month.

5.3.2 Surface tension measurement

The surface tension plays an important role in drop creation including inkjet printing.
The ink suited for inkjet printing should have apmmiate surface tension (25-50 mN/m) in
order to facilitate drop formation.

The stalagmometric method has been explained itioBe8.3.2.2. In this project it
was used for surface tension measurements of sibieofluid. The first set of measurements
was performed to check and calibrate our pendaopisgt-up. Tests on Ag nanofluid were
performed with different loading of (1, 3 and 5 %) Ag nanoparticles. The results of these

tests are presented in table 5.3. For each tesbtesecutive drops were measured.
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Table 5.3 Surface tension results for water andléid using stalagmometric method

Fluid Ag content Surface tension

(wWt%) (mN/m)
water 0 71.8+0.2
Ag ink 1% 30.8+0.3
Ag ink 3% 30.5+0.3
Ag ink 5% 30+0.2

The measured values indicate that our stalagmarneieihod set-up and calculation
is quite accurate and precise because the measurite tension values for water were
close enough to the literature values and the atandeviation is low. The presence of
nanoparticles in the Ag fluid slightly changed tha&face tension of the ink. The surface
tension rises with decreasing silver content ituaf The surface tension value for 5 wt% of
silver in ink is around 30 mPa s and it increaspstau 30.8 mPa s when silver loading

decreases to 1 wt%.This is attributed to the irsered water content in the ink formula.

5.3.3 Film characterisation

5.3.3.1 Conductivity measurement

The main requirement for printed materials, besigescessability in liquid form and
physicochemical properties, is their electronicctionality. The conductivity of the printed
features, in the best case, should be as closesa#hfe to the bulk value of a given metal.

In order to check the conductive properties of Algeinks, printed films were prepared and
tested using four points probes technique.

The prepared Ag ink has low viscosity (~2 mPa $) desirable surface energy, 30 mN/m,

that is lower than the surface energy of substrégddsmN/m for AbOs), hence it ensures
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good wetting of the substrates by the ink; alse shurface energy of the ink is lower than the
inkjet printer requirement for surface energy (m@mN/m) in order to jet droplets.

Figure 5.8 shows optical microscope pictures of inkjetnf@d ink on the alumina
substrate. The printed line has a good geometryveder, in order to achieve conductive
film, number of layers had to be printed due to kv content of Ag in the ink. After
printing, the sample was sintered at 350 °C. Digdgtsical contact between the particles
occurred after the organic reagents were burnt afij conductivity measurement was

possible to undertake.

100um

Figure 5.8 Printed Ag lines on alumina substrate

In this target single lines consisted of 60 layeith a length of 5 mm of the inks were
inkjet printed onto alumina substrate and subsettyusmtered at 350 °C for 60 min on a hot
plate. The resistance was measured using four p@nbbe technique. The electrical
resistivity p of an inkjet printed line was calculated from remi€eR, length I, and cross
sectional area of the line, using equation (5.3):

p=RA/I (5.3)
The cross section area was determined by numeaniegjration of a measured profile
(Dektak instrument, optical microscope, SEM). Théamed value was subsequently
compared to the value of bulk silver (1.59 x°1® cm) [159].
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As Ag loading, 5 wt%, in the ink is low, the mudiyler printing approach helps build up
dense and conductive films. The film consisted 6f l&yers showed a reasonably low
resistivity.

Figure 5.9 shows the SEM pictures of printed Agtayon A}Os. The film in

figure 10 (a) consisted of 60 layers and was sagtéogether at 350 °C for 60 min. The film
in figure 10 (b) also consisted of 60 layers, butesed at 350 °C for 20 min after the
deposition of each 20 layers. The resistivity & tim with layers sintered together showed a
value of (4 + 0.1) * 10 Q cm, while the film sintered after the depositidneach 20 layers
showed a (2 + 0.1) * I0Q cm. As can be seen in figure 5.10, the sinterigigvben printed
layers improves final structure of the film in teyraf its density which is directly linked to
the better conductivity. The difference betweenimgrstructures might be due to easier
evaporation of solvent that takes place while prgqtn steps. Printing high number of layers
on top of each other results in a trapping of tleéewand surfactant molecules in a formed
structure which eventually generates pores, headeces the density of the film, and thus

lowers the conductivity of printed features.

Figure 5.9 SEM micrographs showing (a) cross-seatibprinted silver on AlO3Ag film
consisted of 60 layers fired at 350 °C for 62 mimal &b) film consisted of 60 layers fired at
350 °C for 20 min in 20 layers steps
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5.4 Development of long- term stability of high loding silver ink - AG2 formula

To achieve a conductive track with 5 wt% Ag ink, lé@ers were required to be print. In

order to reduce the number of layers in the silwanoparticles film by increasing the

thickness of a single layer with the goal of obtagna dense and conductive film, high
loading of Ag in an ink was used. Ag nanopartickath acetone enabled us to formulate
highly concentrated and stable dispersion of siimeaqueous media due to high surface
charge density of the particles, which generatesmgtrepulsive force and small size of the
agglomerates. Through adjusting pH it was posslebtain 25 wt% Ag loading dispersion.

Further increasing the silver content weakens thbkilgy of the fluid due to the decrease in
the electrophoretic mobility of the particles [160p load more Ag NPs in an ink and form a
stable dispersion, copolymer F127 was used. Figut@® shows TEM pictures of silver

particles dispersed in water with and without cgpar F127.

(a) (b)
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Figure 5.10 TEM micrographs of silver particlespdissed in water, (a) without and (b) with
addition of F127
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After the addition of the co-polymer F127 the paes reach the size of 10 nm. This
shows that the dispersant acts not only as a gblbut also as a comminution aid, which
promotes the breakage of the hard agglomerate$.[161

The primary nanopatrticles strongly attract eacleiothrough physical forces due to
large surface area, immediately forming larger ipl@d. Upon ultrasound treating, the
agglomerates were separated and due to the presén€g27, the small particles were
prevented from being agglomerated again. It wasstivéeace modification that delayed the
agglomeration or clustering. Resulted size of tispatsed particles was around 10 nm. As a

result, a high Ag loading ink containing 45 wt % éaquld be produced.

5.4.1 Rheological behaviour and surface tension maarement
Rheology studies have been performed on silve(A@2). The influence of silver particles
on viscosity was examined. Figure 5.11 presentshdelogical behaviour of a silver ink and

Table 5.4 shows the ink’s properties in dependemcag solid loading.
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Figure 5.11 Rheological behaviour of silver ink (BG

As it can be shown, the ink exhibited Newtoniahdaour with a shear rate between
10- 10° s* which can be indication of well-dispersed suspamsin practice, if particle
aggregation occurs, the inks shows shear-thinnefgaiour, which is defined by a gradual
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decrease in apparent viscosity with increasing rsteda [158]. As a result of increasing the
shear rate the possible aggregates are broken do@voonsequently reduction in amount of
solvent immobilized by the particles takes placaydring the viscosity of the fluid in the
same time [64].

Table 5.4 presents the change in viscosity andaserrfension of the aqueous Ag
suspensions with different solid contents (25,8bwt %). It can be seen, as expected, that
the viscosity rises with increasing silver contiena fluid. The viscosity value for 25 wt% of
silver inink is 2.4 mPa s and it increases up.Bom8Pa s when silver loading increases to
45 wt%. That is due to the increase of the intewacbetween silver particles when solid
content increases. The surface tension slightiywgéad with the addition of Ag particles. At
25 wt% if silver content, surface tension for Agifl was 32.9 mN/m. Increasing the loading
up to 35 wt% resulted in lower surface tension B63nN/m. Further increasing the content
of silver in the ink lower the surface tension doten33.6 mN/m. This is attributed to the

decrease of solvent content, and especially wai#r,the increase of silver content.

Table 5.4 Properties of silver inks with differéxg loadings

Ag wt% Viscosity (mPa s) Surface tension (mN/m
45 3.305 33.6t0.5
35 2.#0.5 33.8:0.3
25 2.40.4 32.%0.5

5.4.2 Stability studies
To evaluate the stability of Ag nanofluids, thecasity measurement was taken against the
time over 20 days (figure 5.12). It was found ttinre was almost no viscosity change up to

10 days and after this time, viscosity slowly eased with the time. The increase of
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viscosity from 3.3 mPa s in Day 1 to 3.5 mPa s &#ay R0 was due to the agglomeration and
the formation of larger particle clusters. Once laggrates are formed, a larger stress is
necessary to break the polymer structure amongclestwhen shearing takes place;
therefore, a high relative viscosity would be oledrin the fluids as shown in figure 5.12.
However, no sedimentation was observed up to 28.dHye formed large particle clusters
due to the agglomeration could be broken and needé&d in the water under the ultrasonic

tratment and the rhoelogical properties of the@lisipn can resume to the inital values.
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Figure 5.12 Viscosity change of Ag nanofluid agatime

When we compare the stability of the AG1 and AGRKsiit can be noticed that in
both cases the inks behave similar, there is nagsh#@n viscosity values in the same time
range. Value of 2.1 mPa s and 3.3 mPa s for AG1Ad4B2 respectively remains stable over
first 10 days.

The silver particles in both inks can be easilgispersed using ultrasounds and the
rhoelogical properties of the dispersionscan restortbe inital values and extend the shelf

life of the ink up to 1 month.
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5.4.3 Printability of silver ink

Once the stable and high concentrated dispersionaobparticles is obtained, the ink
formulation must be adjusted to meet the given ifipation regarding the dimension of the
patterns as well as the required resolution. Siheemorphology of the printed lines depends
on the interactions between the ink and the sulestitas important to examine and optimise
the printing parameters to achieve desired prifgéature. Firstly, it is necessary to examine
whether the prepared ink meets inkjet printing negments. In a piezoelectric inkjet printing
process, the generation of drops is based on peessye that is electrochemically induced.
When a voltage is applied, the piezoelectric maktecthanges shape, which generates a
pressure wave in the fluid forcing a droplet of tokbe ejected from the nozzle. That happens
only when the kinetic energy of the ink is suffrtieto overcome the surface energy
interactions.

There are three dimensional numbers, namely, tiyadtds Re), the Weber\(Ve and
theZ numbers Z), which have been described in section 2.3.4.imkeroperties have to be
controlled within determined ranges. For examplgh Wimatix DMP-283 a droplet can be
ejected if Z is in the range 1-10. The viscosiéjues for the fluids possible to jet have to be
in a range of 0.002-0.03 Pa s, and the surfaceotertmn go up to 0.06 N m. The ink
characteristics and the calculated dimensionlessbeus are summed up in table 5.5. The
optimized silver ink in the present work fulfilsetliconditions necessary to achieve a stable

and right process with the inkjet printer usedhiis study (DImatix DMP 2831).
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Table 5.5 Calculation of We, Re and Z dimensionlmssbers for the silver ink from ink
properties and printer

Surface | Viscosity | Density | Voltage | Nozzle Velocity
Ink We Re Z
tension | y[Pas] |plkg/m? |V [V] diameter | vim s

o[N m™] d [pm]

Ag ink
33.6x10° | 3.3x10° | 995.8 32 21.5 14 89.2 76 8
60%

5.4.4 Characterization of printed features

5.4.4.1 Conductivity measurement

This part of work focuses on the investigationhad tinimum curing temperatures of silver
ink. The minimum curing temperature is definedhis tcase as the temperature at which the
sample becomes conductive, i.e. having a resistiweer than 40 M2 which is the upper
measuring limit of the used multi-meter.

Single lines consisted of various number of lay@&rs) with a length of 5 mm of the
inks were inkjet printed onto alumina substrated sumbsequently sintered to 450 °C on the
hot plate. Differences in resistivity values betwele various numbers of printed lines can
be determined. Table 5.6 shows the thickness asidtikdéty value of the samples with

different number of printed lines at different teangtures.
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Table 5.6 Properties of printed film at differemnttering temperature

Resistivity ( |£2 cm)
No of layers Thickness Temperature (°C)
(um) 250 300 350 450
1 1 7.2+0.72 4.5+0.43 3.1+0.31 3.1+0.32
3 2.8 6.7+0.67 4.5+0.4% 3.1+0.42 3.1+0.46
5 4.6 6.1+0.61 4.5+0.49 3.1+0.52 3.1+0.56

It is observed that the thickness increases wighnilimber of layers.uin thick layer
was obtained with 1 layer of Ag ink, while increagithe number of layers up to 5, resulted
in 4.6 um thick film. The resistance of the lines for siliak decreases with the increase of
temperature and for thicker layer starts with thedr values.

The minimum sintering temperature for the silvée was 250 °C. It was expected that
the smaller particles would sinter at the lower penature because of their higher sintering
activity [71, 72]. This suggests that the orgardditives in the ink strongly affect the critical
curing temperature and for that reason the TGAyamalvas performed.

It might be seen from the figure 5.13 the lowestgerature at which printed features
become conductive is mainly determined by the btufleevaporation of organic additives in
the ink. The decomposition temperature (at whiah gample has the highest weight loss)
was observed to be around 250 °C. The weight Issdue to the removal of organic

molecules through the decomposition process.
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Figure 5.13Resistance over a single inkjet printed line asction of temperature ar
thermogravimetric analysis (TGA) of silver nanopzes

The theoretical decomposition reaction for diosiytlium sulfosuccinate is as folloy
CooH37NaO;S (s)—» 74CO(s) + 34Ch, (g) + 2SQ+NagO, + 37H, (5.4)
The expected mass loss should be equivalent to 6flitxe total mass, the analysis resu
in an actual mass loss of ~ 8.0 % ovl mass loss which is very close to that of
theoretical calculated percentage Ic

The minimum temperature needed for the printed inkdodme a conductive den
film was at 250 °C The completion of the sintering process was & 35 at which the
resistivity (3.2 cm) was shown to be only twice higher than bulk /The decrease in
resistance depends on the temperature range imwhedast part of the organics is burnt

The loss of mass does not immediately cause tles lwonductive through patrticl
connetion. Combining the results of TGA analysis andigtvity measurement it can |
observed that half of the organic part is requit@te removed to ensure the film to
conductive. All organics have to be removed froma thm before it reaches the lest

resistivity. Typical results were observed for 3 and 5 layerthefAg ink
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Figure 5.14 presenteeé SEM cros-sectional and top views of dense silver track \

well packed particles.

Silver

o

-

Figure 5.14 SEMnmicrograph of (a) cross-section; (b) an (c) top viedvprinted silver on
Al,Ozand sintered at 350 °C

Low resistivity of printed tracks could also be aibed by dipping the printed trac
in acetone for 2 hours to dissolve surfactant (A@igl then in water for 1 hour to disso
copolymer (F127). Then the printed tracks were daerbom temperature for 60 min and
resistivity of the printed tracks react230uQ cmor at a temperature up to 150 °C f-10
min and the resistivity of the printed tracks canas low a3 xQ cm (bulk silver metal 1.5

1€ cm).

5.5 Increase of single layer thickne:
The aim of this part ofvork was to formulat a high loading Agrik in order tobring the

advantage of reducing the number of printed le (in the same time increase the resolu
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of the printed features) required to obtain thidknse and conductive film and also reduce
the costs of the printing process.

The calculation (5.5-5.8) assumes that an ink @tofuirms a spherical cap on the
surface (a good assumption from our surface tensiodies) with spherical radiulR, cap
radiumr and contact angled| (figure 5.15). It was then assumed that the dotains at this
diameter upon drying and sintering to give a umifothickness i.e. no coffee stain
effect.

Volume of the cap

R3(2-3s5in(90—0)+sin3(90-0))
z - (®.5

V =

Ignoring the added co-polymer and surfactant, asdiming that volumes are additive, the

drop volume is also given by

V =Msg/pag + Mu20/Ph20 (5.6)

where M and p are mass and density respectively. Also denotirggsmloading as L

L= —2 (5.7)

Mag+ Muz0
Substituting in (5.5) and re-arranging

4
My, = = mr?t 8
49 = pagt -Dflpmao ®

wheret is thickness of the film.
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Figure 5.15 Schematic graph representing dropl¢hersurface

surface

Based on the equation (5.10), thickness of a mtitager can be calculated if its mass is

known, but this is only valid for the line printedth the dot spacing leading to the line

consisted of dots just touching each other. Intpradhe dot spacing is reduced to increase

the thickness of the printed lines. The resultexerimental (for printed line with a given

dot spacing, 20 um) and calculated (for the linéhvihe drops just touching each other)

thicknesses are shown in figure 5.16. The calcdlatdues give just the idea about thickness

of the line thickness and prove that the thickrkggends on the loading of the ink.
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Figure 5.16 Thickness per layer for different loagof silver in an ink theoretical (blue line)
and experimental (red squares) printed using 6@pinspacing

5.6 Conclusion

Ag inks with different solid loading were formuldteThe treatment of synthesised Ag
particles with solvent leads to the particle aggtem with various sizes and behaviour. The
results showed how important the primary partiées in ink preparation. Treatment of Ag

particles with IPA resulted in the formulation ofv®% ink when a combination of copolymer

F127 and HIFU technique was employed. The investigaof HIFU treatment showed that

the size of Ag agglomerates was reduced down tontbdrom ~ 200 nm untreated. The
viscosity of the nanofluid was reduced after saimcaindicating that the HIFU treatment

could help separating the agglomerates and relatstable inks indicated the high efficiency
of the copolymer in stabilizing Ag nanopatrticlesnater.

Following encouraging results from our 5 wt% Ag ,irdn Ag ink with higher Ag
content (45 wt%) was formulated by treating thetlsgsised particles with acetone. The size
of aggregates decreased down to 50 nm, and fuutbeerof copolymer resulted in 10 nm
highly hydrophilic particles. This shows the prapes of dispersant not only as a stabilizer
but also as a comminution aid, which promotes tieakage of the hard agglomerates 161
Copolymer F127 was found to be very effective agadbilizer leading to the formation of
high silver loading.
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Both inks were printed on alumina substrates aedstibsequent films show a very
low resistivity and good shape definition. The sésity of the printed Ag lines decreases as
sintering temperature increases. The resistivi{2 i8 0.1) * 10° Q cm for AG1 ink and 3.1 +
0.2uQ cm for AG2 after annealing at 350°C.

Additionally, the processing of thick films was estigated. It was found that the
higher loading of metal content the thicker layan de obtained. The use of high solid
loading inks reduces the number of printed layergiired for thick, dense and conductive
film and thus increasing the resolution of the filas well as leading to the reduction of the

costs, and high efficiency of the printing process.
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Chapter 6

Improvement of physical properties of the silver fim

6.1 Introduction

A silver ink is a promising candidate for the etenics application as it is compatible with
inkjet printing. To produce highly conductive sihteacks with a dense structure, sintering at
high temperatures is required. Especially, in agpions such as plasma display and solar
cell [162], silver conducting films should be firet high temperatures above 400 °C.
However after annealing at such high temperatuneseg films present cracks and pores due
to the large intrinsic volume reduction upon simgmano sized silver powders resulting in a
weak substrate adhesion [163].

In order to improve the strength and adhesion efrifaterials various additives have
been used in particles dispersion [164-1&8jwever polymeric materials and resins present
in most conductive inks lose their ability to bipdrticles together after high sintering
temperature. On the other hand a presence of iniargdditives in a film, e.g. Siparticles
have been shown to enhance the interfacial presedi the dispersion [167]. Already, by
1980 the glass binder+metal+organic binder fornmatvas well established. The general
theory was that the glass migrated to the metadtsate interface to improve adhesion.

On the other hand when SiGs presented in the sample, cracking and poor saoihes
expected to be prevented; owing to the hydrogerdingnformed at the interface SiO
Si/SiO,-ceramic substrates. It has been found that the oblthe hydrogen bonding in
adhesion of particles to substrate surface plagg ivgportant role [169]. Peschel et al. [170]
suggested that due to the low activation energyyairogen bond formation, many solid

surfaces contain potential hydrogen bond donorsaaadptors already at room temperature.
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Among them, Si@SiO, surface or AIOs-SIO, surface have been found to have the hydrogen
bonding.

In this part of work the effects of Si@ontent on the microstructure and electrical
properties of the deposited Ag films are investedatSince the deposited films may be
exposed to thermal or structural loads, the mechaproperties of the film play critical roles
in stress induction. In this study, the hardnessaofleposited silver track using the
nanoindentation test was tested. The measuremehbwfgood the film adheres to the

substrate has been also performed.

6.1.1 Objectives

The objectives of this portion of the study were:

1. To investigate presence of Sid the Ag ink formula on physical properties o th
printed film
2. To optimise the amount of Sjvith goal of obtaining dense and conductive film

with improved adhesion than the sample without,SiO

6.2 Effect of SiQ content on viscosity
Printed films usually present cracks and pores vgietered at high temperature. This is due
to due to the large intrinsic volume reduction upmntering nano sized silver powders
resulting in a weak substrate adhesion. In ordemfwove the strength and adhesion of the
Ag films SiO, was added to the irfikrmula and its effect on properties of the ink daiekr
conductivity of the film were investigated.

First the rheological behaviour of silver inks wiagestigated as a function of SI@
evaluate whether the SjQdispersion is compatible with silver ink and tonfion the
suitability of the inks for inkjet printing procesSilver inks were formulated using silver

nanoparticles as a functional material, copolymer a dispersant agent, and IO
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nanoparticles as a binder between the particlesovmy also adhesion of the inks to the
substrate. Three different ink compositions weramidated. They all contain the same
contents of silver powder and dispersant but dffieiSiQ content (0 wt%, 0.05 wt% and 0.3
wt %). All the formulas were mixed based on thegight percentage and the suspensions
were treated using ultrasounds.

Results shown in figure 6.1 indicated that the,Si@dition did not obviously
influence the viscosity values. The ink remainestwosity values in an acceptable range for

inkjet printing which is 1-30 mPa s, thus was itlgentable and low in spreading on the

substrate.
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Figure 6.1 Rheological behaviour of silver ink witififerent SiQ content

The inks have a Newtonian behaviour as the visgasinains constant over the shear
range from 100/s to 1000/s. This suggests thaagjygbomerates of Siare weakly bonded
together and thus easily fracture to form a disggersuspension. The viscosity for ink with
0.05 wt% of SiQ is 1.24 mPa s, and for ink without SI@® 1.27 mPa s. Increasing the
amount of SiQ up to 0.3 wt% increased slightly the viscositytofd.38 mPa s. High loading

of Si0G, (0.3 wt %) increase the probability of agglomematamong the SiPparticles and
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between the SiPand the silver particles which resulted in sligitrease of the viscosity

value.

6.3 Dry film properties

To investigate the microstructure of the printddesiinks, films of 10 mrhdimensions were
prepared by inkjet printing technique on an alumsndostrate. The printed patterns were
allowed to settle for 10 min, and then sintereditierent temperature varied from 350 °C to
700 °C for 10 min.

As shown in Section 5.4.5, the removal of orggrad took place at 350 °C and then
the sintering of the films started to occur. Themstructures of the sintered films with the
addition of SiQ were observed under scanning electron microscogéhee results are shown
in figures. 6.2, 6.3, and 6.4. It is observed friira SEM results that the density of the Ag
film improves with addition of the S0 the ink at all sintering temperatures 350, 50t

700 °C.
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Figure 6.2 SEM micrographs of silver ink with (ajv®b, (b) 0.05 wt%, and (c) 0.3 wt % of
SiO; sintered at 350 °C
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Figure 6.3 SEM micrographs of silver ink with (ajv®b, (b) 0.05 wt%, and (c) 0.3 wt % of
SiO; sintered at 500 °C
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Figure 6.4 SEM micrographs of silver ink with (ay®o, (b) 0.05 wt%, and (c) 0.3 wt % of
SiO, sintered at 700 °C

However there is no much visible difference betwedb wt % of Si@ and 0.3 wt%
of SIO, in the density. Porous and non-uniform surface pology for all samples is

observed when sintering temperature was 350 °C.thl films display denser surface
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morphology when sintering temperature increasedoup00 °C. A bigger size of the grain
and their development with almost void free surfam@phology is observed in all samples
regardless the amount of Sié 700 °C.

Based on the results it can be said that the ntraasre of the silver films depends
mainly on the sintering temperature and on,3if@dder in the ink formulation. 0.05 wt% of
SiO, was enough to improve the density of the Ag filhowever increasing this amount up

to 0.3 wt % did not bring any significant changes.

6.4 Resistivity properties
The resistivity of the sintered metallic film wagasured using Van der Pauw technique. The
advantage of the van der Pauw (vdP) techniqueefistivity measurements is that it allows
to take a measurement without knowing exact samgtenetry. Initially, the technique was
developed in order to measure the resistivity &edsheet resistance of thin and flat samples
of semiconductors, but it can also be applied ¢octhse of superconductors.

Figure 6.5 shows resistivity of printed films asfumnction of SiQ content and
sintering temperature. From the date it is seehlibth the amount of SiCadded to the ink

formula and sintering temperature affect the restgtof the printed films.

130



6.00E-06 -

—_ 5.00E-06 -+ 1
£ 1
(8]
o 4.00E-06 -
2 T
> 3.00E-06 - 1 ——0 % Si02
"é 2.00E-06 A m’ﬁ ——0.05 % Si02
2 =
(] o )
e 1.00E-06 - 0.3 % Si02
0.00E+00 T T T T 1
250 350 450 550 650 750

Temperature (°C)

Figure 6.5 Resistance over a printed film with as SiQ loading as function of
temperature

All the samples show an increase in resistivityrestemperature increases. Over the
whole range of temperatures, the sample with 0 0% wf SiQ showed the lowest resistivity
values (2.3, 2.15, and 2.X3cm for 350, 500 and 700 °C respectively), anauiit e inferred
that SiQ acting as sintering aid, while the sample with Wt3%6 of SiQ showed the highest
(5, 3.2, and 2.1 |©2cm at 350, 500, and 700 °C respectively). Basethenesults, it can be
said that the addition of small amount of S#ots as a binder between particles leading to
low resistivity values. However, too much $i@ the film can function as an electric
insulator, leading to the increase of resistivitythee film. The sample without SiCGaddition
shows the middle resistivity value (2.6, 2.2, 2. gm at 350 °C, 500 °C, 700 °C
respectively). The Van der Paul technique is vecgueate technigue to estimate the
resistivity, however slightly different values halween obtained for the sample without SiO
when compare to the previous measurement in chapiére differences in values are due to
the thickness variation of the film which is indied by the error bars.

Obtained results demonstrate that the amount odlebiplays important role in
determining the electrical properties of the Agm8l in addition to the other physical

properties described in the chapter.
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6.5 Adhesion tests

Adhesion is an important feature of the films irattonic environment. How good the film
adheres to the substrate defines later propetrtigmdinal device.

Three methods were applied to check test the anhedithe silver films with Si@
content to verify the most suitable for this kifdsamples (a soft films on a hard substrate).

As the first method to carry out the adhesionwest chosen a nanoindenter in scratch
test mode. In these tests a largest availableddb2@0 mN was used in a scan across j|an-5
thick, ~300um wide Ag track (printed onto alumina tape andesied at 350 °C for 10
minutes). Figure 6.6 shows that the load of 200w still not sufficient to scratch through
the film, however it can be seen by the remainektiess after the test with applied load that
the addition of Si@enhances the hardness of the film.

As a second method for the adhesion test a comveitscratch tester was used. The
minimum load that could be applied to the sampléhia test was 1N. As a result the film
without SiQ failed at the minimum load while the film with tlaeldition of SiQ passed at

1N though failed at 2N (figure 6.7).
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Figure 6.6 Ag track thickness measured after theoxeal of the load in scratch test

Figure 6.7 Optical images of printed silver trabbdowing scratch testing: without SpO(a)
1N load , (b) with the addition of S¥O2N load

This indicates that addition of SiOmproves adhesion of the film to the substrate
possibly by as much as a factor of ~10 in termdoafl to failure. However it was not
possible to compare the influence of various candésiO;, in samples on the adhesion as all
the samples failed at 2N.

Following this, trials to measure an adhesion & fims to the substrate have been
carried out using a peel test. Since it was diffitor quantitatively determine the adhesion
strength of thin metal films, instead of it, we &pg an adhesion test which provides a
gualitative evaluation of the film adhesion stréngt

The metal films with an area of 10 mm x 10 mm weamrepared by inkjet printing (figure
6.8). Three scotch 3M tapes varying with strengéneaused in the tests and they are:

- Blue, painter’s tape for multi-surfaces, lowedhesion (25 oz. / in)
- Green, masking tape for hard to stick surfaceg adhesion (31 oz. /in)

- Yellow, masking tape for production painting, égt adhesion (35 oz. / in).
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Results were recorded (figure 6.9) and listed ivlete6.1. Figure 6.10 shows the
optical microscope pictures of the tapes aftertéise for all samples. Visible marks of silver

films on the tape can be observed depending oBithecontent and sintering temperature.

Alumina substrate

l

e s

| Ag

Figure 6.8 Optical microscope image of printed Ag

L3 L1 L2
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L3 L1 L2

Figure 6.9 Optical microscope images of tapes #fietest

Table 6.1 Results from peel test for silver filmttwD wt% (L1), 0.05 wt% (L2), 0.3 wt%
(L3) of SiG, content sintered at various temperatures( 35000CC)

D

Tape used Blue Green, Yellow
Samples
350°C L1 Y of the surface on thez of the surface on the'z of the surface on th
tape tape tape
350°C L2 Nothing on the tape Nothing on the tapel Very small Ag marks ¢
the tape
350°C L3 Small Ag marks on theSmall Ag marks on the Small Ag marks on the
tape tape tape
500°C L1 Nothing on the tape | Nothing on the tape Nothing on the tape
500°C L2 Nothing on the tape | Nothing on the tape Nothing on the tape
500°C L3 Nothing on the tape | Nothing on the tape Nothing on the tape
700°C L1 Nothing on the tape | Nothing on the tape Nothing on the tape
700°C L2 Nothing on the tape | Nothing on the tape Nothing on the tape
700°C L3 Nothing on the tape | Nothing on the tape Nothing on the tape
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For the Ag film without Si@ and annealed at 350 °C, 50 % of the film was dethch
with both tapes. For the Ag film with 0.3 wt% addemD, annealed at 350 °C, only 10% of
the film was removed (removed area approx. 10%Mh whie yellow tape, indicating that
adding SiQ helps improve the adhesion. The Ag film with Ov86 SiO, was found to have
the best adhesion at 350 °C. Both 500 and 700 p€aao be good sintering temperatures in
terms of strong adhesion both with and without dd&O,. Nevertheless, a high SIO
content is not beneficial to film conductivity, asown as previously discussed (fugure 6.6)
and for this reason, the optimal Si€ontent for the Ag conductive ink is considerec&

0.05 wt%.

6.6 Mechanical properties

The ability to accurately measure the mechaniagbgnties of thin metallic films is important
in electronics, and particularly, in semicondudtwdustry as it needs to assess the device
reliability. The technique for measuring thin filmechanical properties used in this work is
nanoindentation. This technique has the advanta@eing able to measure properties such
as hardness and elastic modulus without removitigphdrom the substrate.

The discussion of experimental results will begithvan overview of the characteristics
of the load displacement curves for the three sasp\g film without and with addition of
0.05 wt% and 0.3 wt% Sihanopatrticles. Figures 7-9 show experimental dateeéch of
the materials at various sintering temperaturesrevaa indentation was made to peak loads
of 10 mN. The differences in hardness of the malteare noticeable from the differences in
the depth. The softest sample is 0.3 wt %.,&i@ded Ag film, with a peak depth of almost
570 nm at 350 °C, 580 nm at 500 °C, and 600 nn@@t°Z, while the hardest is pure silver
film, which was penetrated to a depth of only ab®i@ nm at 350 °C, 480 nm at 500 °C, and
490 nm at 700 °C. The displacement’s values forpsarwith 0.05 wt% presence of SIO

were 520, 540, and 550 while sintered at 350, 806,700 °C respectively.
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Figure 6.10 A view of the unloading/reloading ponti of the load versus indenter
displacement data for the sample of printed silnlewith Owt % of SiQ
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Figure 6.11 A view of the unloading/reloading ponti of the load versus indenter
displacement data for the sample of printed siivkemith 0.05 wt % of SiQ
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Figure 6.12 A view of the unloading/reloading ponti of the load versus indenter
displacement data for the sample of printed silntemwith 0.3 wt % of SiQ

Under applied load, tested materials behaved ielastic manner. When stress had
been applied, strain was resulted. Once the strassemoved, the materials returned to their
original state (i.e., the strain went back to zeAs can be seen, the sample materials show
varying degrees of elastic recovery during unloggdihe largest being that for 0.3 wt % $iO
film.

The elastic behaviour of all materials can be @rpthas a simple spring example.
The bond force holding atoms in equilibrium pogigoin material linearly dependent on
interatomic distance. During applying the load, #tems will move respective to one
another. The movement will stop when the bondddresulting from change in interatomic
distance) is in balance with the applied force. ©tiwe loading is removed, the atoms will

return to the original equilibrium positions. Thiene, the behaviour of the whole material is

linear elastic.

138



Indentation hardness

To examine the change in hardness of the samptasratious amounts of Spdoading
(0 wt%, 0.05 wt%, and 0.3 wt %), final hardnessadiadbm all three materials are plotted
against Si@ content at different temperatures (350 °C, 50Gfd, 700 °C) in figure 6.13. All
samples show the behaviour typical of materialsvimnch the hardness is relatively small
compared to the behaviour observed in most modetsetals.

According to the Oliver—Pharr method [79], the ind¢ion hardnesdH) is obtained
from equation 6.2

H= Po/A (6.1)

WherePy, is the maximum applied load, adis the contact area between the indenter and

the silver film.
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Figure 6.13 Hardness change againstSiahtent in Ag ink formula at various temperatures

From the experiments, the hardness varies notwithythe content of Si@but also
with temperature. Increasing the content of the,&i@ften the film. In the same time the
higher sintering temperature the harder film isaoi®d for all samples. Examination of the

curves shows that the hardness of the film witH®i@, content is 1.4 GPa at 350 °C and
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increases up to 1.5 GPa while the sintering tentpexaises up to 700 °C. The small addition
of SiO;, (0.05wt%) does not change the hardness value niahever increasing the SiO
content up to 0.3 % softens the film significardler the whole range of temperatures. The
hardness of the films at 350 °C was 1.31 and Ir.Dfb wt% and 0.3 wt % respectively.
These values increases up to 1.38 GPa and 1.0606B#®5 wt% and 0.3 wt% respectively,
when temperature rises up to 500 °C and then fugthses to 1.43 GPa and 1.12 GPa for
0.05 wt% and 0.3 wt% respectively at 700 °C. Onatier hand pure Ag film is the hardest

among the all samples.

6.7 Conclusion

An attempt has been made towards the developmesitvaf ink with improved physical
properties. As a result printable inks containiageosized Si@were prepared. The properties
of the subsequently developed inks with differeminpositions were printed on the alumina
tape. The effect of various amount of silica nambglas added to the ink formula on
properties of Ag films, such as hardness, adhesimrphology and resistivity have been
studied using nanoindentation, peel test, and SHEM. results indicate that the presence of
SiO, affects the properties of the Ag films. The peragetof the Si@added in the ink was
responsible for the development of microstructunetfie sintered silver films. The addition
of SiO, had also large effect on improving the condudtiat the films. The conductivity is,
though, better when only a small amount of Si@s added. Therefore, we can conclude that
the presence of SOn the ink sample must be optimised. The resuitkcate that SiQis
also the major contributing factor in bonding thertles. The addition of a binder in the
film materials is important not only for promotinthe sintering and improving the
densification but also for providing the adhesiorstibstrate. All the fired films showed very
strong adhesion when sintered at 500 and 700 9€also revealed that the addition of §iO

to the ink softens the films irrespective of th©Stontent. Studies showed that $ian be
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used for improving the physical properties of tie fremaining their ability to bind the
particles together after high sintering temperaand promoting the adhesion of the films to

the substrates.
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Chapter 7

Inkjet printing in recesses for improved dimension&control

7.1 Introduction

One of the challenges of printing conductive materis to obtain desired morphology and
geometry of the patteffihe morphology of the printed lines has an effecttbe bulk
electrical properties of the printed line. Smalleature size enables the benefits of inkjet
printing in functional applications, such as prethdectronics.

Metal films directly deposited on a substrate tgiic show poor geometry due to
spreading of the ink-a particularly serious issuethtiicker films (composed of more than one
printed layer) and films printed on rough subssate

The ability of controlling the geometry of the ged features is very important in
determining its electrical resistivity and mechahiadhesion. For conductive tracks, ideal
printed lines should be straight and smooth. Addadily, in order to optimize the electrical
performance of the printed features, defaults sisctiscontinuity of the deposit, spreading of
the ink or edge irregularities have to be avoided.

The ceramics play an important role in electrommsiaturization and have potential
to become a mass production technology for nonesilimicrosystems. Using ceramic tapes
it is possible to integrate small passive companhemt ceramic substrates in 3-D that give
considerable possibilities for electronic miniatation.

Since the behaviour of the ink depends on the aotems between an ink and the
substrate, the effect of three different surfacaratters on the morphology of printed feature
was measured. That was done by printing the lihéiseoAg ink while varying the number of
individual dots that were placed in a line withimetspan of 1inch (= dot spacing), and

varying substrate temperatures ranging from 230te(%
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The other, an effective approach to control thenggtoy of printed features is to
structure the topography of the substrate by enibgss

In this chapter, inkjet printing of a silver nanakionto a predefined pattern in a
substrate will be presented. The investigation loé {possibility to control the track
dimensions by printing the Ag track in an embosss@ss is proposed. The ink jet printing
of silver ink onto embossed alumina and Low Temfoueea Co-fired Ceramic (LTCC)
substrates might be used as a means of providmglithensional accuracy needed for the
THz components. Once the channels have been faomedbossing, they can be filled with
liquids or inks using capillary forces. At the saiéntly small contact angle the structured
channels are filled with the liquid as a resulthd capillary force. Printed features on flat and
structured substrates silicon, alumina, LTCC weregared and results presented. As a
result the ink well confined to the recess anditieewould not be defined in such a way on a

flat surface.

7.1.1 Objectives

The objectives of this portion of the study were:

1. To improve the geometry of printed pattern

2. To optimise the printing parameters such as datisg and substrate temperature
with the goal of achieving well defined lines wigduced spread of the ink

3. To investigate inkjet printing of a silver nanopeg ink onto a predefined
topography pattern in a surface (embossed strig)tafethe ceramic substrates with

the aim of improving the resolution of the prinfedtures.
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7.2 Inkjet printing of lines on unstructured substrates

7.2.1 Substrate characterisation

The properties of the substrate, such as surfaeeggrand roughness influence the final
printing results. The surface energy of the substnas an important influence on the wetting
properties, hence on the geometry of resulted feafthe information about how a solid is
wetted by a liquid is taken from the measurementhef angle at which the liquid—vapor
interface meets the solid-liquid interface. Thdae tension of the ink should be lower than
the surface energy of the substrate to performtipgn When the surface energy of the
substrate is determined, it is easier to matclptbeerties of the ink or assign if the surface
pre-treatment of the solid is needed. Additionallys also advisable to have low surface
roughness to promote the ink transfer and obtarafipropriate resolutio® high degree of
surface roughness can probably cause an unevetsimiboution and lower print density.

The measurements of surface tension of a solidtrsubsutilize the interaction of
solid surfaces with a few test liquids. This praged uses projection instruments and
microscopes (OCA, Data physics) to measure theacbangle of a test liquid on a specified
substrate and the OWRK method to determine sudaeegy of the surface.

The Owens—Wendt—Rabel-Kaelble (OWRK) [171] metlodsed to determine, both
disperse and polar components of the surface erdrdlye substrates. According to their
model, the surface tension is the sum of dispardepalar fractions:

y=yP+y~ (7.1)
In this equationy (mJ.m?) is the surface energy’ (mJ.n?) andy” (mJ.m?) are the disperse
and the polar components respectively. After meaguhe different contact angles obtained

using different solvent, we can mark out a curviéheffollowing form:

y=ax+b (7.2)

144



In this equation, the x axis values and the y aalses can be calculated as following:

P
X = /% (7.3)

L
_(1+cos®) v,

2
a=.y" (7.5)
b=+/y* (7.6)

(7.4)

v"L (mMN.m?) is the polar surface tension of the solveyft, (mN.m?) is the disperse
component.® is the contact angle in radian formed between dbleent drop and the
substrate.

Four kinds of substrates, Si wafer, alumina, LTCEB9B1, and LTCC CT700 have
been analysed. Four kinds of solvent, with knowlagkty and surface tension values, have
been used to determinate the surface energy dubstrates. Dynamic contact angles were
calculated for each liquid independently. In taldlé the characteristics of the liquids are

presented. Parameters x and y were calculateddrprations (7.3) and (7.4) respectively.
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Table 7.1 Surface energy values for used solvents

Surface SE(disperse SE (polar X Y
Solvent energy fraction) fraction)

(MmN/m) (mN/m) (MmN/m)
Ethanol Amine 48.89 31.52 17.32 0.74 8.40
Diodomethane 50.80 33.80 17.00 0.68 8.06
(CH2J,)
Ethylene Glycol 47.3 29.29 18.91 0.64 9.10
Glycerol 64 37.00 26.40 0.71 8.58

All tape surface energies values together withmpahal dispersive contributions are given
in Table 7.2. A value is considered as acceptaliiermthe correlation index?Rcalculated

form equation 7.7) was higher than 0.8.

R = n (X(xy)-EE) X))

= (7.7)
J[n Y %% - (£22] [n X y2 - (5y)?]

where n is the number of pairs of data.
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Table 7.2 Surface energy for Si, Alumina and LTCC

Silicon wafer Alumina tape LTCC DP951 | LTCC
CT700
¥p (MJ.M-2) 11.63 +1.32 25.17 £ 0.33 15.17+£0.09 | 18.20+0.29
vq (MJ.M-2) 36.03 £ 0.63 28.81+£0.52 19.30+0.04 | 19.30+0.04
vy (mJ.m-2) Surface 47.66 +0.82 53.98 £ 0.43 34.47+0.13 | 37.5+0.17
Energy
R? 0.9972 0.9863 0.9962 0.9893

In the case of the Si wafer the contribution of tthiepersive surface energy
(36.03 mN/m) is higher than that of the polar (BL®&N/m). Solvent based inks are
preferable to print on this substrate. In ordefiotmulate water based inks suitable to print on
a Si wafer a wetting agent is required to promokeadhesion to the substrate.

Results from alumina and LTCC tapes analysis shogh hsurface energy with
approximately equal disperse and polar fractiortees€ tapes are hydrophilic and can be
printed by water based inks without adding adhepromoters.

Energy surface for all substrates presented ingais of work is higher than the ink.
So the silver ink can be printed on those tapes.

For the substrate roughness measurement of the, thyge Altisurf 500 apparatus at

Grenoble INP-Pagora was used and results are simofigure 7.1.

147



o 0z 04 08 08 mm um

=
o

O s MW Rt @ W W oD

i nz 04 05 0.8 1 mm pm

e L NN S & T = IR IR« ! '

Figure 7.1 Roughness analysis results for (a) LTIR®5, R 0.36 + 0.01 um, (b) LTCC
CT700, R=0.49 £ 0.07 um, and (c) alumina,R24 £+ 0.03 pm

As it was said before, ceramic surface will needyvMew roughness in order to
promote the ink transfer and achieve the apprapniesolution.A high degree of surface
roughness can probably cause an uneven ink disorband lower print density. Among all
three substrate§, TCC CT700shows the highest surface roughnes.49 pm)(figure 7.1)
and on this tape the ink spreads the most whidhbeipresented later, in section 7.2.2.

The different widths of printed lines on differesiibstrates are caused by different
surface energies and roughness. A good exampléeaeen in figure 7.2 where printing
under the same conditions, brought various widthgeometry of the track. The adhesion of
the ink on the silicon substrate was poor causiegvdtting of the ink and significant

reduction in line width over most of the length tbe track the printed track widens and

148



rounded at the edges loosing the geometry of amgtg while using silicc substrate. The
opposite effect was seen on alumina tape, wheng gfeometry of the track was obtain
This is due to better adhesion of the ink to theghosubstrate which results in limiting 1
spreading of the inkThe changes in thwidth of the tack printed under the same conditit
were also noticed while printing (L TCC DP951, alumina and LTCC CT7, which will be

further discussed in section 7.:

Figure7.2 Silver lines printed o(a) alumina substrate, (b) silicon subtdra

7.2.2 Investigation of process parameters on morphagy of printed features.

The ability of controlling the geometry of the ped features is very important
determning its electrical resistivi as well as resolutiofzor conductive tracksdeal printed
lines should be straight and smooth. Additionally, order to optimize the electric
performance of the printed features, defaults sisctiiscontinuity of the deposit, spreading
the ink or edge irregularities have to be avo.

Initial experiments were performed to verify the influenoé the substrat
temperature orthe printed Ag ink behavio and resulted lines geome. Single Ag lines
were printed onto ceramic substrate at differentperatures: room temperature0 °C,
50 °C, and 60 °C. For each thermal value, the e left to dry for about 5 minut

Figure 7.3presents the final width of the printed lines ofiedent substrates agair

substrate temperature, at given dot spacdncreasing the dot spacing re«ces the deposited
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material and hence decreases the width of theegrilme. As a result, it results in smaller
printed features. When dot spacing was increaséarger than 60 um, partially continuous
lines were formed and further increase of the gatmsg led to individual droplets.

The width of the lines printed becomes narrowerhwite increase of the substrate
temperature. However the decrease in the line viadttveen 23 °C and 40 °C is greater than
that between 40 °C and 60 °C, which may be duéh¢oquickerevaporation of water at

higher temperature, resulting in a lower degregpoéading
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Figure 7.3 Width of the printed silver lines atfeient dot spacing (legend) on (a) CT700, (b)
DP951, and (c) alumina substrates against subsénageratures.

With increasing the substrate temperature, thehadtthe track is reduced. As the
evaporation rate of water increases it resulthénincrease of solid concentration in the ink

and subsequently the fast increase in viscositg iflsrease of viscosity of the silver ink
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decreases the mobility of the ink droplet and cqueatly prevents its spreading and ensures
the desired print quality. However, for the casksvider dot spacing, the temperature does
not show such a significant influence. This is lseathe evaporation of droplets occurs fast
enough as there is little influence of the intaacwvith neighbouring dots.

Figure.7.4 shows printed lines at 40 °C on (a) @WI'{B) DP951and (c) alumina with
10 um dot spacing, and on (d) CT700, (e) DP95laliimina with 40 um dot spacing.
Increasing the dot spacing reduces the depositedriaaand hence decreases the width of

the printed line. However this parameter shouldimised for each ink to be used.
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Figure 7.40ptical microscope imag of printed lines at 40 °C on (&T70(, (b) DP951 and
(c) aluminawith 10 um dot spacing, and (d) CT700, (e) DP951, and) alumina with 40
pm dot spacing.

Although the optimizedeimperature and dot spacing enabled to obtain naaravstraigh
lines, in case of building up a thickness, the lvidf the lines changed. Increasing
number of printed layers causes the spreading efirtk, hence increase in the width ¢

poorer thegeometry of the linetable 7.3).
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Table 7.3 Width of the printed lines on various Stdites

Substrate Width (um)

1 layer 3 layers 5 layers
LTCC sintered 280 284 285
Alumin green 208 270 300
Alumina sintered 248 256 286

7.3 Investigation of conductive silver tracks in ptierned channels
Direct deposition of the thick film (composed of maahan one layer) on the substrate,
especially on through substrate shows poor geonudtrthe metal films and reduces its
resolution which is due to spreading of the inkthAlugh the combination of optimised
substrate temperature and dot spacing brought gemdts in a printed film in terms of its
geometry and the width of the track, there was atproblem when more than one layer of
ink was printed. To enable printing more layers amdultaneously remaining the geometry
of the track, a new method for controlling the ntaogy of inkjet printed lines was
proposed. The new technique is based on printiagrtk into the structured channels with
predefined topography. The structures are formednblyossing and laser. The silver ink was
inkjet printed over the embossed channels fillingiagle channel, as a consequence of
capillary forces. After the ink was deposited, thiglth of the formed track was taken, as
good as a recess was defined if no spill over viaswed.

The fabricated structures, obtained with embostgingand laser machine can be seen as
micro-channels in a ceramic surface. Three diffesenfaces were analysed. Commercial
LTCC sintered tape, CT700, provided by project mend Micro System Engineering,

(Germany) and two alumina tapes, sintered and gieeeloped by Swerea IVF (Sweden).
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LTCC sintered tape

The channels in LTCC tape were formed by embossliimg typical printing results are
shown in figure 7.5. It might be noted that theeding of the ink into the channels has taken
place successfully. One of the most notable featwfethis track is that it shows little
variation in its width over its total length, angetwidth of the formed track was taken, as

good as a recess was defined if no spill over isgmwed.

1 layer not in recess

10 layers

Figure 7.5 Optical microscope image of 10 layer sindle layer tracks

These tracks were also examined using SEM. Figérehbws a typical view of the track
on sintered LTCC. The obtained track composed dagérs of the ink is straight with good
conformance to the edges. At either side of thektna figure 7.6 the thin deposit of the film
that is coated on both sides can be seen. Alththglnk wets the sidewalls, it does not go
over the top as well as the formed film is veryntand should not contribute significantly to

the track’s conductivity.
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AccV SpotMagn Det WD F—————1 500 ym LTCC AccY  Spot Magn  Dete WD |—| 20 um LTCC
10.0kV 3.0 46x SE 263 10.0kY 3.0 780x SE 239

d)

AccY SpotMagn Det. WD —— 20um AccY SpotMagn Det .. T
200kV 30 766x SE 240 100kV 30 6240x SE 238

Figure 7.6 Ten layer Ag track 5 mm long printedsomtered LTCC starting in the corner of
the recess, (a) close-up of corner, (b,c) highegmifigation close, (d) the end face of the
recess, (e) cross section, (f) close-up of thescsestion

In figure 7.6 (a) we can see the top view of thessed channel filled with the ink
and no spillage is observed. A higher magnificattose-up (figure 7.6 (b)) shows ink runs
up to the top but not over the top of the recass.flowing up to the end face of the recess

shows coverage rather patchy at top (figure 7.5 {d)e cross section of the dried Ag ink
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track (figure 7.6 (e)) formed at the bottom of teeess, and a good uniform coverage on the
floor of recess can be observed. Close-up showsod dense ink film with quite uniform
thickness (figure 7.6 (f)).

The volume of the formed track was found to be aodyagreement with the solids
content of the silver nanoparticle ink (45 %). Tihaial thickness of the film is 20 times
larger than the final thickness which indicated tnast of the solvent is still present when
the ink finishes filling the channel. The thicknegshe film was ~ 5um and the total width
of the feature is about 5Q0n.

Figure.7.7 shows SEM image of Ag track printed ohCC substrate away from
recess. It can be seen that in the edge it is tnaigkt along the way and is much more
irregular when compared to the track printed ireeess (figure 7.6). The average of the

irregularities is around 20 pm.

Figure 7.7 Edge of rectangular line printed awayrfrecess (on the blank substrate)

Alumina sintered tape
Figure 7.8 shows a track that was formed in thenala substrate by laser structuring. Six
laser machined arrays with a range of depths. 860,and 450m wide recesses from top

right array were selected for first trials. Dektadeasured depth was 53-5#n for these
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recesses. After printing the sample was cleaveungdbtack line and the piece A was carbon-

coated and examined using SEM.

Figure 7.8 Microscope image of six laser machineaya on alumina substrate

AccV Spot Magn . Det WD F——+ 200pm
200KV 3.0 90x  SE 292

200 pm

. o B % AccV SpotMagn ¥ Det WO F——=—""—— 100m
BRI | 00kv 30 368x  SE 272 ' ;

-

Figure 7.9 SEM micrographs of a Ag track prepargdalser structuring. Alumina substrate
structure (sintered), (a) top view, (b) the endttd track, (c) close — up of the edge, and
(d) the bottom, cross section
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No overspill was observed when 10 layers of inkema@eposited in 45Qm recess (figure
7.9). Close-up of the recess shows that the ingsstt edge of the deep groove (figure 7.9
(b)). A deep groove at edge as visible in figu@(d) is due to the laser machine process.
Figure 7.10 (b) shows the optical microscope imafj@an Ag track printed on an
alumina substrate away from the recess. As careeée ® figure 7.10 (a) the track shows
good conformance to the recess edges, however d ama with slight spill over is

noticeable. Still this has a better geometry tham track printed next to the recess where

irregularities in the form of ~ 100 um waves aresant (figure 7.10 (b)).

Figure 7.10 Optical images of Ag track with (a) gdenpieced together after cleaving and (b)
Ag track printed away from recess for comparison

Alumina green tape
Figure 7.11 shows a Ag track that was formed in dhemina green substrate by

embossing.
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Figure 7.11 SEM micrographs of a Ag track prepdrg@mbossing in green alumina tape. a)
and b) Top view, c) and d) close-up of the edge

As can be observed in figure 7.11 (c), the silvack at higher magnification shows ink
only just visibly rising up at edge (thin line anred) and hence well confined. An ink layer in
recess at cut edge (figure 7.11 (d)) shows smaatttachieved and also appears to show ink
has seeped into alumina (apparently infiltratec ameowed). Low magnification of the track
in figure 7.11 (b) shows infiltrated area and gammhformance of ink to side of recess,
although this may be due to confinement by thekcthat appears to be running along the

edge. An ink layer track away from cut edge showgngd edge conformance. (figure7.11

(@)).
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7.4 Conclusion

The problem addressed in this chapter was the geometry of the metal flms when are
directly deposited on a substrate, due to spreadfitige ink. This is particularly serious issue
for thicker films (composed of more than one pumhtayer) and films printed on rough
substrates.

In order to control the geometry of inkjet printegtures on a flat substrate agueous
Ag ink was printed on heated substratése width of the track printed under the same
conditions varied with the substrates, eaf). room temperature the width of the track
was ~ 490, 520 and 680 um for LTCC DP951, alummhlaTCC CT700 respectively when
printing with 10 um dot spacing. The different widof the printed lines on different
substrates is caused by different surface eneagiésoughness.

Straight and smooth lines with improved morpholagicontrol and resolution were
achieved using the optimal temperature of 40 °C.

Finally, increasing the dot spacing and the sutestrgemperature resulted in narrow
printed line and improved geometry of printed pasebecause of the limited ink spreading.
This combination made it possible to print lineshva diameter of 20Qm.

To enable consecutive printing of Ag ink layers atdhe same time to retain the
geometry of the track, a new method has been prextenhis consists of printing the ink into
the structured channels with predefined geometigeramic substrates. These grooves were
formed into the ceramic substrates by means oéreémbossing or laser machining.

Advantages of having a structured substrate includesry good and controllable
geometry of the track and elimination of non-umfospreading which consequently leads to
the better performance of the final device. Thetlidf the track remains the same while

printing more than one layer ensuring improved lkggm of the printed features.
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Chapter 8

Silver nanowires synthesis and dispersion preparain

8.1 Introduction

There is currently great interest in nanowires ifmreasing the functionality of thin film
electronic devices and also - since they can berpacated in inks and directly deposited
onto substrates - driving down processing costsh3uetal nanowires films may have high
conductivity while remaining a metal volume contast low as 1 wt% and thus may be
highly transparent.

The work presented here focuses on synthesis, fatiom and printing of Ag
nanowires. The work was prompted by the electrommdastry wide quest for materials with
increased flexibility, lower cost and higher tramgamce to replace indium tin oxide (ITO)
the most extensively used material for transpaedettrodes. Various new materials have
been investigated for this application among whak carbon nanotubes (CNT) [172],
graphene [173], and Ag nanowires [174].

In the present work silver nanowires were syntleesiend the effect of parameters such
as polymer concentration and reaction temperataréhe morphology of the final material
was investigated. The resulted nanowires were disgein methanol with the help of
copolymer F127 and subsequently printed by Maydramto plastic and glass substrates so
forming conductive and transparent films. The dispg properties of four different
dispersants (AOT, CTAB, PVA, and F127) in two soitge (water and methanol) for Ag
NWs have been checked. F127 dispersed in methamad to be the best surfactant-solvent

combination yielding the highest dispersion of AgslW
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8.1.1 Objectives
The objectives of this portion of the study were:
1. To synthesise and identify the influential factwrshe synthesis of Ag NWs
2. To optimize the best conditions of the synthesid achieve the ultimate goal of a
thin (< 100 nm) and long (> 5 pm) Ag NWs
3. To formulate Ag NWs ink. Optimising the amount bétdispersant with the goal of
obtaining high loading dispersion of AQNW
4. To deposit prepared AQNWSs ink onto plastic and gksigbstrate and investigate the

functionality of the film

8.2 Synthesis and characterisation of silver nanowas
As a synthesis method for AQNWs , the polyol precgas investigated due to its simplicity,
time efficiency and high yield of the obtaining peles advantages. Effect of various
parameters on the morphology of the final mateviad analysed.
The formation of the 1D Ag nanostructures by redgohgNG; with ethylene glycol in the
presence of Pt seeds and poly (vinyl pyrrolidong)eeiences two steps [175]. In the first
step, 5 nm Pt nanoparticles are formed by reduet@ip with EG.
2HOCH,— CH,OH—> 2CHCHO + 2HO (8.1)
CHsCHO + PtC} —» CHCO — COCH + Pt + 2HCI (8.2)
The second step involves nucleation and growthghanowires by adding AgN@nd PVP
solutions into the reaction medium.

HO-CH-CHy-OH —» 2 CHCHO + 2 HO (8.3)
2 CHCHO + 2 Ag—» CHCO-OCCH + 2 Ag + 2H (8.4)

The formed Ag atoms from reduction reaction of AgN@th EG nucleate through

homogenous and heterogeneous nucleation [176].h€erogeneous nucleation results in
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formation of Pt nanoparticles which serve as nudethe epitaxial growth of Ag NW from
the silver nanoparticles with a diameter of 20-8®formed in the solution. The homogenous
nucleation yields silver nanoparticles with a diéeneof 1-5 nm. They are very well-
dispersed because of the presence of PVP whicll cbeimically adsorb onto the surfaces of
silver solid through O-Ag bonding [175]. Increasitige temperature of the reaction causes
the small nanoparticles progressively disappedonttpe benefit of larger ones via a process
known as Ostwald ripening [135] and so the nanawvanee produced. The Ostwald ripening
is a spontaneous process which is based on disgawmall crystals or sol particles, and their
redeposit onto larger crystals or sol particlesgea crystals are more energetically favoured
than smaller crystals. Although the formation ofntypamall crystals is kinetically favoured
(i.e. they nucleate more easily), they are energlyiless stable than the ones already well
ordered and packed in the interior. This is duelat@er surface area to volume ratio
molecules on the surface of small crystals. Thuahynsmall crystals will attain a lower
energy state if transformed into large crystals.

Nanowires have the properties different from thék boaterials as the electrons in
nanowires are quantum confined laterally and theupy energy levels that are different
from the traditional continuum of energy levels riduin the bulk materials. The need for
longer and thinner nanowires is due to their abiiit significantly decrease the percolation

threshold in surface conductance [135].

8.2.1 PVP concentration effect on geometry of silv@anowires
The morphology of the Ag NW strongly depends on ¢bacentration of PVP. Figure 8.1
shows SEM pictures of samples synthesised usingpeegure described in section 3.1.3,

except that the concentration of PVP increased dmumole to 50 umole.
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As it can be seen in figure 8.1, concentration\éPPplayed a crucial role. Using 2.5 pmol of
PVP (figure 8.1 (a)) resulted in 3 pm long and I20pide Ag nanowires. By increasing the
PVP concentration up to 3.8 umol, a longer (10 jang thinner in diameter (100 nm) Ag
nanowires were obtained compared to the sampleiguref 8.1 (a). The difference in
morphology between samples in figure 8.1 (a) andrlight be due to the low concentration
of PVP in (a) which leads to incomplete coverag®¥P on side surfaces so the nanowires

became thicker during their length growth [135].

Figure 8.1 SEM micrographs of Ag NW synthesisedddterent PVP concentration,
(@) 2.5 pmol, (b) 3.8 umol, (c) 5 umol, and (d)5aol

In figure 8.1 (c) it can be noticed that furthecrnease in the PVP concentration results
in the presence of nanoparticles at the expensenamiowires. Increasing the PVP

concentration further up to 5 pmol produces prifyasilver nanoparticles with an average

165



size of ~50 nm. It is worth to note that no wiresiQg this concentration of PVP) were
obtained even after the solution had been heat&#dCC for the next 3 hrs.

The exact role of PVP is not clear at the momemie @ossible function is a kinetic
control of the growth rates of different crystadlisfaces through absorption and desorption
process when PVP interacts with these faces [4li¢ Aigh concentration of PVP might

increase the coverage layer of PVP on faces adebds, leading to an isotropic growth.

8.2.2 Temperature effect on the morphology of silvenanowires
Temperature was also found to be an influentigbfain the formation of Ag NW. Figure 8.2

shows SEM of final products obtained at differezgation temperatures.
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Figure 8.2 SEM micrographs of Ag NWs synthesisedvaious temperatures, (a) 140,
(b) 160, (c) 170, and (d) 180 °C

When the reaction mixture was heated at 160 °Clidraeter of formed Ag NW was
observed to be ~150 nm (figure. 8.2 (b)). Increademperature to 170 °C resulted in a
decrease of the diameter ~100 nm (figure. 8.2 HJ)ever, further increasing temperature
to 180 °C the diameter of the obtained AQNWs ineedaagain to about 150 nm. When the
reaction temperature was set at 140 °C a very levecemtage of NWs were obtained.
Although the lowest diameter (~70 nm) could be ivietd at 140 °C however many spherical
particles rather than nanowires were found in thal fproduct. This is because at lower
temperatures the activation of the specific faagsttie anisotropic growth of NWs cannot
take place due to lack of energy that could aativlaat growth [135].

Again it was seen that the temperature is a wagortant factor to control because

itinfluences the morphology of produced Ag MWs.
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8.3 Dispersion of nanowires
Chemical methods for making dispersion use dispggsa change the surface energy of the
nanowires, which helps improve their wetting chtgastics and reduce their tendency to
agglomerate in the solvents.

To determine the best dispersant-solvent combinafio Ag NWs, two solvents,
water and methanol and different dispersants, AQTAB, F127, and PVA were

investigated.

8.3.1 Calibration curve

The dispersions of Ag NWs in dispersant solutionsrenvcharacterized using UV-vis
spectrophotometer operating between the range9®®0 nm wavelength to record the
absorbance. According to the Beer-Lambert Law, diaswe of the sample material is
proportional to its concentration.

Concentration of Ag NWs dispersed into the soluti@as determined by plotting first
the calibration curve. For this purpose a numbersalutions of the Ag NW each of
accurately known concentration were prepared. Taerach solution (Y= 1.5%10° mol/L,

V, = 4.6*10° mol/L, V5 = 7.7*10° mol/L, V. = 1.3*10% mol/L), measure the absorbance at
the wavelength of strongest absorption was measusethsequently a graph of that
absorbance against concentration was plotted tairolat calibration curve (figure 8.3).The

corresponding concentrations for AQNWs samples \wead from the graph
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Figure 8.3 Calibration curve (Absorbance as a fonadf Ag NWs concentration)

8.3.2 Comparison of dispersing properties of the dpersants.

In order to compare the dispersing properties efftlur dispersants, Ag NWs in two kinds of
solvents were prepared at concentrations rankiom fil6 *10° mol/L to 7 *10° moliL,
keeping the concentration of surfactant (0.25 wt eéonstant. These samples were
ultrasonicated for 10 min.

Dispersions were analyzed with UV-vis spectroscapg the maximum extractable
concentration of Ag NWs (at 0.25 wt% surfactantcantration) was determined for each of
the surfactants. The baseline correction was choig using pure 0.25 wt% solutions of the
four surfactants so that their absorbance valudssgbtracted from that of Ag NWs
dispersions.

Figure 8.4 shows the UV-vis spectra of Ag NWs withrying concentrations of

nanowires in surfactant solutions in water and i@ebh
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Figure 8.4 UV-vis spectra of various concentratiofssilver nanowires in (a) F127, (b)
CTAB, (c) AOT, and (d) PVA in water and (e) F12%), CTAB, (g) AOT, and (h) PVA in
methanol
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In all samples, the absorbance increases with thcentration of Ag NWs.
However, different values at the same initial AgNW@ncentration were obtained for
different dispersant which is related to their éiging properties.

With the knowledge about absorption values forgiven solution, we could compare
the dispersing properties of the surfactants byutaling a parameter which is called
extractability (a percentage recovery into the soh), using the equation 8.5 [177], and it
represents the measure of dispersion of silverwgas in solution.

% extractability = ¢/C * 100 (8.5)
where Gis the concentration of Ag NW recovered in solutaord C is the concentration of
Ag NWs originally taken into dispersant solution.

In order to compare the dispersing power of suafatst first, four dispersants were
dispersed in water and percentage extractability egdculated at different concentrations of

nanowires (figure 8.5).
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Figure 8.5 shows changes in percentage extradyatiiih variation of concentration of Ag
NW in water for a) F127, b) CTAB, c) AOT, and d) RV
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In all samples, percentage extractability versusceantration shows linear increase
with the increase in concentration of Ag NWs uthié maximum extractability limit was
obtained. This might be due to low Ag NWs concertre, so the amount of dispersant is
sufficient to coat the silver nanowires surface bgemeously [176]. The maximum
extractability limit was achieved at Ag NWs concatibn of 7*10° mol/L for F127 and
4.6 *10° mol/L for three other dispersants, CTAB, AOT, aRWYA, indicating that the
dispersant amount is just sufficient to disperse Aly NWs. For further increases in the
concentration of nanowires, the dispersant conatolr turns insufficient to fully disperse
the agglomerates of Ag NWSs, as the percentage ctabiity decreases at high
concentrations. The maximum amount of Ag NWs wasaeted in the case of F127, where
percentage extractability reached 88%. Others tsapé showed lower extractability, namely
65, 40, and 60% for CTAB, AOT, and PVA respectivelyis noteworthy that 40 % of
extractability is achieved for three dispersant2 FJA0T and PVA when 0.015 mol/L of Ag
was used for dispersion. Results showed that thee sanount of F127 could disperse large
amounts of AQNWSs as compared to other dispersants.

Based on the experimental results, the dispersmgep of the four dispersants
follows the trend: F127PVA>AOT >CTAB

However, different behaviour of the dispersants whserved when methanol was
used as a solvent. Figure 8.6 shows changes iremqeage extractability with variation of

concentration of Ag NW for F127 (a), CTAB (b), AQad), and PVA (d) dispersant.
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Figure 8.6 Changes in percentage extractabilityh wariation of concentration of Ag NW in
methanol for a) F127, b) CTAB, c) AOT, and d) PVA

The best dispersant in methanol solutions turtetb127 extracting 90 % of
Ag NWs for the concentration of silver powder frah6*10° mol/L to 4.6*10° mol/L.
Increasing the concentration of Ag NWs resultetbwer percentage of extractability (80 %)
of the F127. For CTAB and PVA the extractabilitycosases with increasing the AgNWs
concentration. The highest value achieved was 83% VA and 30 % for CTAB. AOT turns
to have the high dispersing properties when thadsgconcentration of Ag NWs was used,

reaching 45 % of extractability properties.

8.3.3 Determination of optimum Ag NWs to copolymeF127 ratio
Based on the results from 8.3.2 the copolymer Fdi&@ersed in methanol was selected as
the best surfactant-solvent combination yielding tighest dispersion of Ag NWs. In order

to find the optimum Ag NW-to-F127 ratio, a secomd of experiments were performed. In
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these experiments, concentration of F127 was vdrmd 0.05 to 0.25 wt%, keeping the
amount of Ag NWs constant, using methanol as aesp\Constant Ag NWs concentrations
used in these experiments were the maximum exblactamncentrations of Ag NWs chosen
from the first turn of experiments for 0.25 wt% faigtant concentration. Constant Ag NWs
concentrations were selected to be 7 mmol and atiersamples were analyzed using

UV-vis spectroscope. Results are shown in figure Bhe best optimum amount of F127 to

assure good dispersion was found to be 1.3 wt%.
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Figure 8.7 Changes in percentage extractability wdriation of concentration of F127 in
methanol

8.3.3 Ag NW film characterisation

Resistivity and transparency of the films

The resistance and transparency of the depositeM\Adfilms were analysed to verify the
properties of the Ag material. The aim of this paftwork was to obtain transparent
conducting material that can be further used inowar electronic devices. Most of the
industrial applications require sheet resistanogetothan 500Q sq’ for transparent

electrodes, for OLED displays and solar cells sthdnd less than ~ 5Q sq*, and for touch

screens a range of 200-500sq* values is acceptable. The transparency of the Stould
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higher than 50 %. It is also desirable that suchices can be fabricated using a low-cost
strategy, such as Mayer rods or the roll-to-rdrfeation.
Silver inks were formulated using Ag NWs as a fuoral material, copolymer F127 as a
dispersant agent, and methanol as a solvent. Tasdepfilm, Ag NW ink was dropped on a
glass substrate (figure 8.8 (a)) and on a plasgare 8.8 (b)), and then, a Meyer rod was
pulled over the solution, leaving a uniform, thayér of Ag NW. After that the wet coating
of Ag NW on a substrate was dried on a hot plateraperature of 120 °C for 10 min.

Figure 8.8 (c) shows Ag NW ink in methanol solutiomo achieve uniform,

agglomeration free films, Ag inks were sonicatedd minutes just before use.

Figure 8.8 AgNW ink deposited on (a) glass, b) fdasand (c) dispersed AgNWs in
methanol

Figure 8.9 shows the transmittance values for Ag MMds of various densities
deposited on glass substrates. The denser thevlilsnthe lower transmittance was obtained
Increasing the density of the film decreases tlsstigity of the films. This is due to the
reducing the number of holes in the film which tesun more uniform electrical field
distribution [176].

Moreover, in the near-infrared regions, the trattsmce of the Ag NW films is

constant which is important for solar cell applicat
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Figure 8.9 Optical transmittance of transparentNAls films with various resistivity values
measured with a UV-vis spectrometer

Figure 8.10 shows the sheet resistance vearansmittance curve for Ag NWs films
with varying density. Sheet resistances as low ,a206and 80Q/sq for corresponding
transmittances of 40, 58 and 80 % were obtainest #fe heating the films at 120 °C. The
ITO films have higher resistivity at any transmiite compare to AgNWs films. Sheet
resistances of 60, 196, and 7Q0sq for corresponding transmittances of 77, 82, 8ddo
respectively were reported in the literature [179].
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Figure 8.10 Sheet resistance vs transmittance goaX¥W and ITO films
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By adjusting the density of the films it was po$sito reach a resistivity of /sq.
This resistivity value meets requirements of wtiior solar cell and organic light emitting

diode-OLED application.

8.4 Conclusions

Silver Ag NWs were synthesised using seed-assiptayol process. Resulted wires were

10 um long and 100 um wide. Two important factorsrevresponsible for Ag NWs
synthesis: the pre-formation of Pt seeds in thetsol that could serve as nuclei for the
subsequent growth of silver nanowires and the G1$&/& that could kinetically control the
growth rates of silver through chemical surface rincation. Control over the morphology of
these AgNWSs could be achieved by varying the reactionditions, including reaction
temperature and PVP concentration. Increasingdaetion temperature from 140 to 180 °C
led to the formation of short nanowires. 170 °Cegthe longest and thinnest nanowires and
was set as an optimum. An increase in the condemtraf PVP slightly reduced the diameter
of resultant nanowires (3.8 pumol), too high condidn led to nanoparticles in the final
product.

In order to choose the best dispersant-solvent cwahbn for AgNWs four
dispersants (F127, CTAB, AOT, and PVA) and two eatg (water, methanol) have been
analysed. The best combination turned to be F12hanel. The high molecular weight of
copolymer F127 might be as an advantage in dispersi Ag NWs. Although Ag NWs were
also well dispersed in water with addition of F18¥ fluid as prepared gave less uniform
film that the one in methanol.

For the film deposition, Mayer rods were succesgieenployed. Resulted films were

conductive and transparent. Resistivity value ofX€q and 80% transmittance in the visible
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spectral range were achieved, which is comparabkoine of ITO films. Additionally, the

transmittance range is much flatter than thatT@ In the visible and near-infrared range.
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Chapter 9

Conclusion and future work

9.1 Conclusion

The work presented in this thesis focuses on théhsgis of nanomaterials, formulation and
printing of Ag nanoparticle and nanowire inks famotdistinct applications. Inkjet printing of
Ag nanoparticle films on ceramic substrates has lelertaken with the aim of providing a
smaller size of printed feature at lower cost tban be obtained with the conventionally used
screen printing.

Monodispersed Ag nanoparticles with a size down5@ nm were successfully
synthesized and dispersed in agueous medium ughtd-6r the first time a copolymer F127
was used for Ag ink formulation. Following encouragresults from the 5 wt% ink, a Ag
ink containing a higher Ag solid content (45 wt%gshbeen formulated by treating the
synthesised particles with different solvent (anejorhe effect of the surface characters of
substrates, printing temperature and dot spacinp®size and morphology of printed silver
features was investigated.

An attempt has been done to improve the physicgdeaties of the printed features.
For these reason Sihave been used as an adhesion promoter and boagemg between
the particles. The effect of nanoSi€bntent as an inorganic binder on the morphologicd
electrical properties of the silver conducting Siformed by inkjet printing method was
investigated. Adhesion and hardness property ofstiver films after adding SiPto the
silver ink and sintering at various temperaturesevadso examined.

The investigation of the possibility to control ttrack dimensions by printing the Ag

track in an embossed recess was proposed. The gikeavas jet printed onto embossed
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alumina/LTCC substrates to provide the dimensi@ealracy. Once the channels have been

formed by embossing, they could be filled with inkssng capillary forces.

Work on Ag nanowires films was prompted by the wigest of electronics industry
for materials with increased flexibility, lower ¢and higher transmittance to replace indium
tin oxide (ITO, the most extensively used mateigaltransparent electrodes). Towards these
objectives silver nanowires were synthesised amsgetdsed in methanol with the help of
copolymer F127. They were subsequently depositeplastic and glass substrates forming a
conductive and transparent film. The effect of temagure, polymer concentration and
solvent treatment on the size and morphology eEsihanowires was investigated. Various
dispersants were tested to obtain the best silaeowire ink formula. The properties of

deposited film, such as transparency and resigtivéire tested.

Synthesis of Ag nanoparticles

The experimental work focused on developing the nethod for synthesising silver
particles. An objective was to develop a procesd thould allow the creation of large
numbers of particles easily separating from thautsmi and being capable of making a
contribution to the formation of stable ink.

Two methods of synthesis have been tested in dwleachieve the target, wet
chemistry and scCfechnique.For silver particles wet chemistry turreed to be a most
suitable method in terms of the yield and furthercpssing.

The 20 nm diameter, spherical particles were obththrough the control of reaction
parameters, such as capping agent, concentratidaghd®; AOT and NaOH.

The best initial concentration of AgN®ad to be lower thar0.3 M to obtain small size and
regular shape of the particles. Using AOT insteAdPdP as a stabilizer simplified the

separation of the Ag particles from the solutioheTolar ratio between AOT and AghlO
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have been found to be important and was set a® Zdsure the smallest size of particles (20
nm). The concentration of NaOH was crucial in collitig the shape of the particles, 0.005

mol was set as an optimum to obtain the spherimgdlsmall particles.

Formulation and examination of silver ink

The aim of this part of work was to reduce the nemtx layers in the film processing by
increasing the thickness of a single layer. That d@ne by using high loading metal ink. A
lot of work was put to develop and understand dmentilation of stable silver dispersion. The
advantages of having high content of metal in @l flnclude reducing the costs of the process
and getting a better resolution of the printediufess.

During the study, the loading of the particlesnk produced by the original process
was improved mainly by using a different solvematment of the particles. An increase in
the loading, from 5 wt % till 45 wt % of silver pmtes favoured the achievement of denser
and thicker film with one layer printing. As a réisthe better resolution and lower resistivity
of the printed track were possible to be obtainbderkeeping the same process parameters.
Surface treatment of synthesised Ag patrticles byesd showed how important this step is in
formulating a high loading ink. It has been fouhdttthe sizes of aggregates and properties
are dependent on this treatment. Treatment of Adicpes with IPA resulted in the
formulation of 5 wt% Ag ink (AG1) with the presencé copolymer F127under HIFU
agitation. A HIFU technique successively reducezldize of Ag agglomerates down to ~50
nm from ~ 200 nm untreated.

A higher 45 wt%Ag ink (AG2) was formulated by tneat the synthesised particles
with an acetone. As a result the size of aggregiesased down to 50 nm, and further use
of copolymer resulted in highly hydrophilic pargslwith the size of 10 nm. Copolymer F127

was found to be very effective as a stabilizerilegutio the formation of high silver loading.
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Rheology studies have been performed on so pregdved inks to understand the behaviour
of the inks and in the same time showing well-dispd suspension and suitability for use in
inkjet printing process. The influence of silveatting on the viscosity of the subsequent inks
has been checked. The viscosity increased withehigbntent of particles due to the increase
of the interaction between silver particles whehdsocontent increases. The viscosity of 2.1
mPa s and 3.3 mPa were obtained for 5 wt% ink @&nevido ink respectively. The small
changes in viscosity value were observed over @gef 20 days indicating a good stability
of the fluids.

Both inks were printed on LTCC substrates and tivegd lines showed a very low
resistivity and good shape definition. The resistiof the printed Ag lines decreaseed as a
function of annealing temperature, and it was meesasto be 20 £ 0[4Q cm for AG1 ink and
3+ 0.2xQ cm for AG2 after annealing at 350°C. However téagblow resistivity,the film
thickness of 1 um was necessary,and thus the nuoflpgmted layers (70) was required in
case of AG1 ink due to the low loading of Ag pdesc It was found that the higher loading
of metal content the thicker layer can be obtaingsingAG2 ink needs only one layer to

obtain thick, dense and conductive film.

Influence of SiQon the properties of a silver film

Addition of 0.05 wt % of Si@to the Ag ink was effective in improving the michegture of
the fired films and together with increasing siimtgrtemperature, a uniform grain was
produced. The final film density and hence eleatrresistivity were thus improved with the
optimised SiQ content. The addition of a binder in the film mi&tls was important not only
for promoting the sintering and improving the dénation as well as resistivity but also for
providing the adhesion to substrate. The adhesfotine silver film to the substrate was
improved by increasing a sintering temperature adutition of 0.05 wt% of Si@into the ink

formula.
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Improving the geometry of printed patterns

Direct deposition of the thick film (composed of maothan one printed layer) on the
substrate, especially a rough substrate shows rageaonetry of the metal films which is due
to spreading of the ink. To avoid or at least miaethis effect we proposed two approaches.

Printing straight and smooth lines with improved rpimlogical control and
resolution were possible to achieve by using thiéma temperature of substrate at 40 °C.
Increasing the dot spacing further limited ink splieg, hence resulting in narrow printed
lines and improved geometry of printed patternsaAgsult of this combination (temp. and
dot spacing) it was possible to print lines withdemeter of 200um. However with
increasing the number of printed lines the trackobee wider and gradually lost its
geometry.

To enable printing more layers and simultaneousiyaining the geometry of the
track, a new method for improving the morphology iokjet printed tracks has been
described by printing the ink into the structurédmnels with predefined topography. These
grooves have been fabricated into the ceramic mibstby means of either embossing or
laser machine. After pre-patterning the substrsiteer ink was printed over the as-formed
patterns. 10 layers were possible to print onetentop of another without causing any
difference in width or geometry of the track sirthe ink stayed in the recess with no spill

over observed.

Synthesis of Ag nanowires (NW) and ink formulation

Silver NWs were synthesised using solvothermal nettithe optimised amount of PVP (3.8
1M), and optimised reaction temperature (170 °Cthan synthesis lead to produce 10 pm
long and 120 um wide Ag NW. The effect of five ditént surfactants in various solvents on
stability and film uniformity of the AgQNW dispersiovas investigated. Water, and methanol
were tested as a dispersion medium and the AOT,BZ PVA, and F127 were chosen as a
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dispersing agents. F127 dispersed in methanol dutnebe the best surfactant-solvent
combination yielding the highest loading dispersadm@AgNW. Meyer road coating method
was successfully applied to produce Ag NW films glass and plastic substrates. Sheet
resistance as low as 6, 20 and(®8q for corresponding transmittances of 40%, 58% &

were obtained after the heating the films at 120 °C

9.2 Future work

- The wet chemistry method developed in this work igery promising technique for the
synthesis of Ag nanoaprticles. The one limit obtprocess is the high temperature required
to obtain conductive film on the substrate. To ioya the synthesis method for Ag
nanoparticles in order to obtain the same condiigtiproperties at lower sintered
temperature (150 °C) of the film is very desirafeit would widen the applications of the
inks, such as printing Ag inks on plastics. Thightibe done by replacing the surfactant
(capping agent) by the one with lower melting point

- Further increasing ink loading would improve thealation of thick films. The smaller
feature size can be also achieved by chemicalltitrg substrate surface to adjust the energy
of the substrate and simultaneously using the wils optimal rheological properties.

- Printing on top of predefined topography structumas to be further tested. Structuring
narrower tunnels might be helpful in improving tlesolution of the features. The surface
character of the substrate plays an important iroliéling the channel by the ink. Surface
treatment of the substrates by evaporating a mgeplaf the hydrophobic/hydrophilic
polymer would allow filling the channel with thekim a very precise way.

- The most extensively material used for transpagétrodes is indium tin oxide (ITO).
Further work on Ag nanowire films has to be dondnrease flexibility, lower cost and
higher transmittance so the replace of indium tde (ITO). Towards this objective,

synthesis of Ag NW has to be improved to lead tonftion of longer and thinner Ag
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nanowires. This might be done by changing somehefgarameter in the synthesis, e.g.
catalyst or polymer.

To obtain more uniform film more tests have todome with the Mayer rods. Further
investigation of factors such as the groove sizeavire wound rod, viscosity and surface
tension of fluids might be helpful in obtaining aiferm film.

Future work might also involvethe adjustment ofNAY fluids properties to make it

suitable for inkjet printing.
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