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Abstract

Inkjet printing is a technology available since the late 90’s, and has shown widespread
adoption in various fields beyond graphics printing, including printed electronics due to the
rising availability of functional materials such as metallic nanoparticle-based inks. However,
the functional materials require some level of heat treatment, and recently, since the early
2000’s, alternative methods of delivering that particular thermal energy have been explored,
including the use of lasers for their ability to deliver localised thermal energy.

The thesis describes the novel use of pulsed laser sintering combined with inkjet printing
of functional materials of a conductive nature (e.g. metallic nanoparticle-based silver and
copper inks), with the aim of forming interconnects after laser irradiation. The printed copper
patterns were successfully made conductive at ambient conditions by optimising the laser
processing parameters, and also without showing any structural degradation of the substrate.
Furthermore, thermo-sensitive substrates such as PET and paper were explored to demonstrate
the novelty and feasibility of this alternative manufacturing method. The effects following
the laser treatment on the printed patterns and the substrates were investigated, namely the
electrical performance and mechanical properties such as the adhesion, morphology, heat
affected zone and structural integrity.

It was found that the patterns achieved comparable electrical performance up to 38.7 %
and 24.9 % bulk conductivity of copper and silver, respectively, on the thermo-sensitive sub-
strates at ambient conditions. The adhesion was evaluated by an improved standardised test
method which incorporated a digital perspective to eliminate subjective bias, and the samples
were categorised as 3B and above, hence targeting mid-range electronics applications.

The outcome of this innovative fabrication method was applied to a scenario where copper
sensors in the form of multi-layer inductance coils were applied to carbon fibre actuators
to detect strain for structural health monitoring purposes, and compared to commercially-
available sensors. The results indicated superior performance of the inkjet-printed coils.
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Chapter 1

Inkjet Printing: A background and
prospects in the field of Printed
Electronics

Summary

This chapter begins by first describing the inkjet printing (IJP) technique, diving briefly
into its history and the relevant key points which made the technology rise to its current
widespread adoption in research and industry. Then, the advances of inkjet printing beyond
graphics printing are elaborated upon, with particular focus on printed electronics.

The application of inkjet printing in the field of printed electronics is then discussed;
with a brief comparison with other printing techniques. A survey of some of the key drivers
and trends of the printed electronics field is mentioned, followed by the advantages and
challenges the inkjet technology faces in the field of printed electronics.

Finally, the chapter is concluded with the motivation for printed electronics which dis-
cusses the latest trends in printing conductive functional inks since the last decade, thereby
highlighting areas of improvements, and ending with the questions which will be addressed
in the following chapters.

This chapter has been published: (1) Beedasy, V.; Smith, P.J. Printed Electronics as
Prepared by Inkjet Printing. Materials 2020, 13, 704.



2 Inkjet Printing: A background and prospects in the field of Printed Electronics

1.1 Introduction

Inkjet printing (IJP) is one of the most widely used methods of digital printing. It is
a versatile manufacturing tool which has numerous applications in sectors ranging from
graphics printing to printed electronics with a range of formats from high speed printing
systems to small office printers. The features of an inkjet printing device allow the dispensing
and precise positioning of tiny volumes of liquid (1-100 picolitres, 10−12 L, equating to a
droplet diameter of 62-288 microlitres, 10−6 L) in the form of an ink on a substrate before
transformation to a solid. Perhaps the most familiar is the commercially available desktop
inkjet printer in the office or at home where pigmented ink (cyan, magenta, yellow and black)
from a cartridge is deposited onto a sheet of paper to produce a readable text, or an image.
In the last couple of decades, scientists have investigated applications beyond standard ink
being printed on paper, and one example of this is “printed electronics”. The ability to
investigate such an area of manufacturing is made possible by the advances in the deposition
of functional materials [1], which is gaining an increasing amount of interest despite the core
principles of inkjet printing being discovered over a century ago.

1.2 A brief history

In 1867, a patent [2] which was filed by William Thomson was granted and “marked” the
course of history for the years to come. The patent described a technology which uses
electrostatic forces to control the release of ink onto paper. Later in 1870, Thomson invented
the telegraph recorder device [3] which can be considered the first application of in-situ
ink deposition, and an application of his patented technology. The invention consisted of a
marking needle such as a capillary tube, one end dipped into a stationary reservoir of fluid
and the other freely suspended over a rotating spool of paper. Once the ink was drawn from
the reservoir using electric force, the current caused the needle to move perpendicular to
the motion of the spool, hence writing lines that translated to the intensity of the current.
This method, as it made use of electrostatic forces, is considered contactless. The Figure 1.1
below is an extract from the filed patent [3] by Thomson which depicts the invention and the
key components.

In 1873, Joseph Antoine Ferdinand Plateau, a Belgian scientist, published his book titled
“Statique expérimentale et théorique des liquides soumis aux seules forces moléculaires” in
which he described a phenomenon where a free stream of liquid will become unstable and
will form periodic droplets. It was only five years later that Lord Rayleigh first modelled the
instability of free-flowing liquid [4].
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Fig. 1.1 A schematic drawing of the telegraph recorder by William Thomson adapted from
the original patent [3], highlighting the marking needle hanging over the spool of paper. To
the right is an enlarged view of the writing capabilities of the technology.

This phenomenon, known as the Plateau-Rayleigh instability [4] explains how a growth
in sinusoidal perturbations of a stream of fluid causes differences in pressure waves, and
in turn the production of small uniform droplets in a steady stream under the influence of
surface tension – as shown in Figure 1.2. The Rayleigh instability, nowadays, is at the base of
inkjet devices. Therefore, it can be said that the foundation concerning the basics governing
ink jetting has been in place for more than a century.

Fig. 1.2 Example of the Rayleigh instability.
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In the 1940’s onwards, there have been some notable developments in contactless deposi-
tion technology using inks. In 1946 Clarence Hansell invented the DOD device at the Radio
Corporation of America [5]. His invention, shown in Figure 1.3, made use of a piezo-electric
quartz crystal which exerted the necessary force in the form of supersonic vibrational waves
on the surface of the exposed liquid, hence producing a jet on demand. In 1951, Siemens
patented a galvanometer [6] which had a similar working principle to the telegraph recorder
invented by Thomson earlier, although it had a better sensitivity to the driving current, making
it more accurate. Sweet in 1965 [7] combined electrostatics for the positioning of the droplets
together with a gutter for deflection and line break, which resulted in the continuous inkjet
printing system.

Fig. 1.3 An extract from Hansell’s patent [5] from 1946 which depicts the first drop-on-
demand piezo-electric device. The quartz crystal, located between the reservoir and the
conical tube, strikes the liquid and causes a pressure wave to be formed, eventually leading
to the ejection of a fine spray of liquid in the form of droplets.

It was not until 1971 when the first DoD device, the model 500 Typuter by Casio Company,
was released, and comprised an electrostatic pull device [8] to produce drop-on-demand
droplets. In 1977, Siemens came up with the first product, the PT80i, a dot-matrix printer
which used 12 piezo tubes to create dots on paper [9]. The device, as expensive as it was at
the time, not only offered a significant improvement in speed at 270 characters per second
but was also noiseless. In 1981, the P2131 printhead was developed for the Philips P2000T
microcomputer [10], and improvements in the printing system increased the droplet-ejection
rate to 6,000 drops per second. This doubled the rate of printing compared to other DOD
printing systems at the time. In 1985, Hewlett-Packard was the first company to introduce the
“BubbleJet” – an inkjet printing technique which plays to the advantage of the expansion and
contraction of an air bubble in a confined space owing to changes in temperature, resulting in
a drop being forced out of the nozzle when required [9].
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Over the course of history, the development of the inkjet printing technology has high-
lighted the following:

1. It is a method used to produce drops of small volumes ranging from picolitres (pL,
10−12 L) to microlitres (µL, 10−6 L);

2. The drops are produced through differences in pressure waves in the fluid chamber;

3. There is a separation of a few millimetres (mm, 10−3 m) from the orifice where the
drops are ejected and the deposited surface, as such making it a contactless printing
method;

4. The devices which make use of this technology are either continuous inkjet printers
(CIJ) or drop-on-demand (DOD) inkjet printers.

The following section describes the two distinct categories of inkjet printing mechanisms
and their current applications.

1.3 Inkjet Printing Mechanisms

1.3.1 Continuous Inkjet Printing

Continuous inkjet (CIJ) printing involves a continuous ejection of droplets onto a substrate,
only in specified locations, when there is a demand for the ink as determined by the pattern
to be printed. The remaining droplets which are not required are recycled through a gutter
which pumps them back to the reservoir, as shown in Figure 1.4 below.

Depending on the drop deflection methodology, the jetting of the fluid can be controlled
either by a binary or a multiple deflection system [11]. The binary deflection system (Figure
1.4(a)) relies on gravity and on the charging of the droplets. Upon ejection, the charged drops
are deposited on the substrate where required, while the uncharged drops gravitate towards
the gutter for recirculation. The droplets in the binary deflection system are only subject to a
constant charge. In contrast, in the multiple deflection system (Figure 1.4(b)), the droplets
are subject to varying charges to steer them to different positions on the substrate which
allows for multiple dot positions per nozzle, and consequently much faster prints [12].
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Fig. 1.4 Illustration of the operation of a continuous inkjet (CIJ) printer under the (a) binary
deflection system; and (b) multiple deflection system. The stream of droplets is deposited
onto the substrate (bottom), and those which are not required are deflected into a gutter.

CIJ printing systems have complicated hardware associated with their successful and
reliable functionality, and risk contamination when recycling of inks is involved after exposure
to the environment. This makes CIJ printing a potentially wasteful process, and for the reasons
aforementioned the research industry has focussed on drop-on-demand inkjet printers [13–
15]. However, for mass-production applications, CIJ systems are superior as their printing
speeds are far greater than their DOD counterpart. CIJ printers operating at megahertz (MHz,
106) frequencies are being investigated [16] with typical drop velocity at the nozzle greater
than 10 ms−1. This allows for a relatively greater distance between the printhead and the
substrate which is useful for industrial applications due to the bulkier machinery involved in
high-speed production. On a final note, historically CIJ is renowned for the use of volatile
solvents in fast-paced industrial applications where rapid drying is a critical advantage to
minimise delays in production steps. However, the inconveniences such as the requirement
for an electrically chargeable ink, the relatively lower print resolution and higher maintenance
machinery have led to CIJ being perceived as not being an environmentally friendly print
technology, and rather messy.
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1.3.2 Drop-on-Demand Inkjet Printing

Drop-on-demand (DOD) inkjet printers have the ability to control the amount of ink they
can deposit at a time. Owing to their principle of operation, DOD inkjet printers are more
economical with ink usage than the CIJ printers. The mechanism of droplet formation
and ejection behind each DOD printer is relatively simpler as compared to the CIJ printer.
The drops are formed after the propagation of a pressure pulse throughout the fluid held in
the capillary tube behind the printing nozzle. If this pressure pulse exceeds the minimum
threshold for droplet formation at the nozzle, a drop is ejected. This minimum threshold for
droplet ejection is discussed later in Chapter 2.1.3. The meniscus level is either controlled
by the surface tension of the liquid or the static back pressure of the print head assembly.
As compared to CIJ systems, the frequencies associated with DOD systems are normally in
the range of 1 – 20 kHz with resonance within the capillary tube strongly influencing the
pressure pulse and drop formation according to Antohe [17]. Drop positioning is done by
either moving the print head assembly over the fixed substrate at the desired location, or
by moving the substrate under the printer nozzle. Drop-on-demand inkjet printers can be
further categorised into three sections: thermal inkjet (or BubbleJet), piezo-electric inkjet and
electrostatic inkjet based on the actuation method employed for the droplet formation from
the print head [18]. Figure 1.5 is an illustration of the three types of DOD inkjet mechanisms
along with the components which make them unique.

Fig. 1.5 Illustration of the operations of drop-on-demand (DOD) inkjet printers. In (a) the
droplet is squeezed out of the nozzle by the formation of a bubble upon heating the ink to its
vaporisation temperature; (b) the expansion-contraction cycle of the piezo-electric crystal
causes the pressure wave to propagate and eject a droplet; (c) the droplet is ejected owing to
the electric field generated between the print head assembly and the substrate.
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In thermal DOD (Figure 1.5(a)), a small heater is located within the print head assembly
inside the capillary tube which carries the liquid. When current flows through the heater,
the liquid in contact with the heating element heats up to beyond its boiling point and forms
a small vapour pocket (or bubble). When the heater is switched off, the liquid cools and
contracts, hence causing the instant collapse of the vapour pocket. This rapid expansion-
contraction cycle causes the formation of a pressure wave which is directly related to the
formation of a drop.

The core component of piezo-electric DOD inkjet printers is a crystal (quartz or lead
zirconate titanate), shown in Figure 1.5(b), which acts as an actuator. Upon the application of
an electric pulse to the crystal, it expands and squeezes the capillary tube which contains the
ink in such a way that it ejects a tiny amount of liquid in the form of a drop. When the electric
pulse is removed, the crystal returns to its original shape and replenishes the capillary tube.
The distinction between the crystal element being separated from the ink is advantageous as
it allows a much wider range of inks to be used, and at the same time increases the lifespan
of the print head. However, the cost of the print head and the software to control the core
components is considerable, particularly when combined with the time required for the user
to master the software interface for printing. Altogether, these contribute to an increase in
the capital expenditure.

In the case of electrostatic inkjet (Figure 1.5(c)), the printing is controlled not only by
the print head but also manipulated via both the nozzle and a translation stage, both of
which are connected to a voltage. The electric field generated between them creates an
electrohydrodynamic phenomenon that exceeds the meniscus’ surface tension and causes
ink to be ejected onto the substrate. This dual-controlled jetting mechanism enables the
electrostatic inkjet printer to achieve nano-sized spots. However, this limits the range of
inks which can be used as only conductive inks can be utilised for this type of inkjet printer
[12]. The jetting position of ink on the matrix can be controlled by varying the electrical
potential applied on the plate. This allows deposition of droplets much smaller than the
orifice diameter, producing finer droplets of a sub-femtolitre (fL, 10−15 L), volume than the
piezoelectric inkjet printer [19], although the placement accuracy of the drops is inferior to
other drop-on-demand inkjet mechanisms [20]. This technique has been demonstrated for a
variety of materials such as THz, 1012 Hz planar metamaterials [21], 3D microbatteries [22]
as well as metallic electrode materials [23].

For the scope of this research, only piezo-electric drop-on-demand printing is considered,
mainly for its versatility and the small volume required. The ink need not be heated to
its boiling point unlike thermal DOD, hence preventing degradation of functional material
and the use of a wider range of solvents present in the ink. Moreover, the investment and
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maintenance costs of an electrostatic DOD inkjet printer is considerably higher, and the
printing method is still relatively in its infancy as compared to piezo-electric DOD inkjet
printing [18].

There are four mechanisms behind piezo-electric droplet generation, which vary based
on the distortion of the piezo-ceramic plate and include (a) squeeze mode; (b) bend mode;
(c) push mode and; (d) shear mode; all of which are explained with the help of Figure 1.6
below [24].

Fig. 1.6 Illustration of the different drop-on-demand piezo-electric mechanisms with (a)
squeeze mode, (b) bend mode, (c) push mode and (d) shear mode.

The first, the squeeze mode (Figure 1.6(a)), comprises a radially polarised piezo-ceramic
tube which surrounds the nozzle. Upon the application of a pre-determined voltage, the
piezo-electric crystal squeezes the ink from the chamber. The squeeze method nowadays
is mainly used in the Microdrop [25] and MicroFab [26] printing devices. The second, the
bend mode (Figure 1.6(b)), uses the bending of the wall of the ink chamber to produce a
droplet, and is common in Epson printers. The third, the push mode (Figure 1.6(c)), involves
the piezo-electric element pushing against the ink chamber wall to eject a droplet, and is
common in Trident, Brother and some Epson printers. In both the bend and push mode, the
direction of the electric field and piezo-ceramic plate deformation are parallel [27]. In the
fourth, the shear mode (Figure 1.6(d)), the electric field is designed to be perpendicular to the
deformation of the piezo-ceramic plate. Nowadays, Xaar, Dimatix and Spectra printheads
typically rely on this method of droplet ejection.

In all four modes, the applied voltage, the duration of the pulse and the orifice diameter
influence the size of the ink droplets [12]. These print heads from different manufacturers
each serve a specific purpose: Brother (push mode) and Epson heads (bend mode) are
typically made for office desktop inkjet printers as they can deliver small drops, hence



10 Inkjet Printing: A background and prospects in the field of Printed Electronics

high resolutions, at very high speeds using inexpensive heads. The Xaar (shear mode)
and Trident (push mode) heads specialise in large scale applications as their heads can be
customised for maximum adaptability to original equipment manufacturer (OEM) systems,
hence minimising the development and production costs [28]. In addition to this, Xaar
heads are stackable to create large printing multi-head blocks and reliable printing speed and
resolution. The Microdrop and MicroFab heads (squeeze mode) are made for experimental
and research purposes as they only have a single nozzle. Compared to other heads they are
relatively slower, but the advantage lies in their flexibility and control in relation to the fluidic
parameters of the chosen ink. This is significantly important in experimental research as this
enables scientists to gain a better understanding of the droplet generation process from start
to end.

Fig. 1.7 A classification of widely popular and available inkjet printing technologies, adapted
from [11]. The focus of the thesis will be on piezoelectric IJP technology.

Figure 1.7 represents a classification of the inkjet printing technology available nowadays.
CIJ printers were a popular choice for high-throughput, high speed, low quality graphical
application such as banners and textile printing but incur high investment costs to gain a
sufficiently decent quality product. DOD printers were well-known for their better print
quality which came at the cost of the print speed – although, this could be compensated
with a multi-printhead assembly, but it came at an increased production cost. Thermal DOD
inkjet printers dominate the graphical colour printing market nowadays [18], but they are
limited to specific types of inks, especially because the rapid heating and cooling of the
ink induces thermal stress on the ink. Printers which use piezo-electric DOD technology
are more compatible with a variety of inks and solvents, hence are the preferred choice for
scientific research purposes – which will be the focus of this thesis henceforth.
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1.4 Current and emerging market trends

It is widely known that inkjet printing was first applied to graphics printing as a contactless,
direct-write technology. The contactless aspect is valued for the highly minimised risk of
ink contamination and being a direct-write driven approach does not require any masks, and
the pattern to be printed can be switched rapidly from one to another. These two key criteria
led to the implementation of IJP in various industries such as graphics, e.g. marking of
packages, mail addressing, wide format posters, billboards, banners; and textiles for haute
couture and decorations [29, 30]. In many cases, inkjet has replaced analogue manufacturing
processes such as screen printing, gravure, spraying, dripping and roll coating. In more
popular fields such as life sciences which receive increased resources and media attention,
inkjet has been successfully implemented into tissue engineering [31], cell printing [32, 33],
glucose biosensors [12] and proteomics [34]. With further advances in chemistry and material
science [35], functional inks compatible with inkjet printers have been developed and opened
the gateway to the field of printed electronics. Prior to the adoption of inkjet printers, the
deposition of functional inks was done via spin-coating or screen printing. The earliest use
of IJP in this area includes the work by Vest et al. [36, 37] for photovoltaic applications and
microcircuits, but the resolution obtained did not compare to other manufacturing methods
for printed electronics. The first comparable demonstration by Sirringhaus et al. [38] in
early 2000s sparked interest in piezoelectric DOD inkjet producing a minimum functional
feature size of 5µm after hydrophobic surface treatments. Since then, other ventures into
electrical interconnects made using IJP on printed circuit boards (PCB) [39], radio frequency
identification (RFID) tags [14, 40], sensors, liquid crystal displays (LCD) functional layers
[41], solar panels [42, 43], transistors [44], antennas [45], and even batteries [22] have been
made. Table 1.1 below provides a brief survey of the trends and market outlooks in this
digital revolution, and how inkjet is implemented and made to cope accordingly.
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Table 1.1 A summary of the key drivers and trends and the relevance of inkjet to the field.

Key drivers and trends Role of inkjet

Big Data, Internet of
Things (IoT), and
digitalisation

Personalisation in the digital revolution is the new norm –
QR codes connecting high-end consumers with brands in an
interactive fashion, with links to product details, social media,
virtual reality, etc. in real-time can be achieved via inkjet
technology.

Digital printing and
rapid prototyping

Inkjet allows for rapid customisation of three-dimensional prod-
ucts in an agile response to varying customer requirement. Ad-
ditionally, inkjet eliminates the requirement for an inventory
of masks, rolls, or screens for a quick turnover and a reduced
footprint.

Non-impact printing
Inkjet can be used to print on delicate, irregular, and curved
surfaces allowing for intelligent re-engineering of parts and
processes for significant time and cost savings.

Sustainability

Inkjet minimises waste of costly material during printing and
the use of harmful chemicals during post-printing processes,
such as acidic solutions for cleansing the mesh used in screen
printing. Consumers can be educated how to recycle responsi-
bly through intelligent packaging.
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1.5 The inclusion of Inkjet technology in Printed
Electronics

In this digital revolution it is without a doubt that the field of electronics is gaining an
increasing amount of interest and resources. Printed electronics is a field which comprises
various fields of science and engineering to produce electronic devices and systems based on
existing printing techniques such as gravure, and over the last decade it has proven to be a
potential application of inkjet printing. Inkjet has the potential to significantly reduce the
process steps through its ability to deposit materials in a spatially logical manner, which can
greatly benefit the design process and overall reduce the cost of the producing electronics. To
better illustrate the potential of inkjet, Figure 1.8(a) below depicts the process steps involved
for producing an integrated circuit (IC) using the photolithography process, while Figure
1.8(b) depicts the manufacturing of a similar IC using inkjet technology. Prior to the start
of each process, there are some additional steps involved in preparing the substrate through
a combination of rinsing (water or a solvent such as acetone) and a drying step (using heat
from an oven or clean compressed air).

During the photolithography process in Figure 1.8(a), the cycle can be described as
such – (1) the functional material is deposited in a blanket layer typically via vacuum-based
processes such as chemical vapor deposition [46] or physical vapor deposition [47]; (2) a
photoresist coating is then applied; (3) the photoresist is then exposed to ultraviolet (UV)
radiation through a mask; (4) the photoresist is then developed and the resist removed; (5) the
remaining film is then etched away using chemicals in regions where the photoresist had been
developed and a heat treatment is applied to “hardbake” the functional material; (6) the final
coating of resist is stripped away to expose the now-patterned film. The finished film is then
cleaned to remove any residual chemicals or coatings, and the process is repeated multiple
times to create more complex integrated circuits. Steps (1) – (3) are additive by function,
while the remaining steps (4) – (6) are subtractive. In contrast, the inkjet printing process
depicted in Figure 1.8(b) is purely additive as it drastically reduces the steps involved: the
functional ink is deposited at predetermined locations which conform to the pattern followed
by a heat treatment operation.

The photolithography process is a subtractive manufacturing method since subsequent
patterns are created through the removal of materials. Additional process steps are required
to produce the final pattern as a result of subtractive manufacturing, which altogether increase
the duration of the workflow, the expenditure and the equipment required. The environmental
implication is also questioned given the wasteful approach of production as well as the use
of harsh chemicals, which eventually need to be neutralised safely before disposal.
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Fig. 1.8 An illustration comparing the steps involved in the production of an integrated circuit
(IC) using (a) the photolithography process, and (b) a direct-write deposition technique such
as inkjet printing. Note that the drying step in the substrate preparation, and step 5 in (a)
and step 2 in (b) are heat treatment operations (typically 80 - 400 °C), indicated by a shaded
translucent rectangle.

In comparison, the inkjet printing technology functions in an additive paradigm where the
deposition of materials is carefully controlled locally, which means a predetermined amount
of material is placed where desired. As such, through the inkjet additive manufacturing
process, the number of steps per pattern has conceptually decreased from six steps to a single
one. Table 1.2 provides a brief comparison of inkjet with screen printing on one end, and
photolithography on the other end. The ”duration” category describes the typical time taken
to produce a printed pattern for printed electronics purposes.

On the lower end, during screen printing the setup cost is relatively low as the material
used for the mesh is made out of polyester, which is a relatively cheap material in comparison
to the materials used for making an inkjet printhead (glass, piezoelectric crystal, metal
housing). Once a design has been selected, it is masked on the screen using a photo-sensitive
lacquer which only develops selective regions determined by the pattern, thereby creating the
stencil which can then be used for printing. A paste is then forced through the mesh to create
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the pattern, although the resolution is relatively very low with the finest features of only a
few mm. In comparison with inkjet printing, there is a limited choice of colours which can
be used for screen printing, and colour gradients tend to add to the complexity of the process.
Additionally, the stencil cannot be altered on the fly as compared to the inkjet printing process.
Functional inks deposited using screen printing are relatively under-researched due to the
high risk of contamination which can ultimately degrade the functional aspect of the ink or
paste.

On the higher end, lithography is often seen as the premium printing process due to
the extremely high printing resolutions down to a few nm, without creating any pixelation.
However, the investment cost is relatively higher due to the requirement of an aluminium
plate onto which the pattern in etched, as well as the setup and optimisation of the printing
process which results in the production of waste material. While accounting for the print
and dry time, the lead time to produce a completed pattern is relatively much longer as
compared to inkjet printing, and there is little customisability once the aluminium plates are
manufactured. However, the lithography process is highly adapted for functional inks, and
manufacturers rely on this technique for producing integrated circuits.

Table 1.2 A comparison of inkjet printing with screen printing and photolithography, high-
lighting their key advantages and limitations.

Screen printing Inkjet printing Photolithography

Cost $ 0.50 – $ 5.00 $ 0.50 – $ 5.00 $ 5.00 – $ 500.00

Duration Two days Same day Five days

Lifecycle Limited print runs
Continuous coverage
due to roll-to-roll
expansion

Continuous coverage
using rolls and high-
resolution masks

Resolution
Minimum line width ≈
mm, 10−3 m

Minimum line width ≈
µm, 10−6 m

Minimum line width ≈
nm, 10−9 m
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1.5.1 The added benefits of Inkjet technology to Printed Electronics

One of the most significant advantages of inkjet printing is the scalability to match large-scale
industrial manufacturing processes which involve a roll-to-roll (R2R) approach capable of
reaching a printed coverage area of hundreds of square metres per hour – for example, the
Fujifilm Acuity Ultra is capable of reaching a printed coverage area of up to 400 m2/hr using
UV based inks. More realistically, at this current stage, the work done by Sowade et al. [48]
explored the compatibility of R2R with inkjet-printed silver nanoink on a flexible substrate
at printing speeds of up to 1 ms−1, which can be promising for printed electronics. The
feed rate of the rollers is not limited by the inkjet deposition speed as an array of multiple
printheads can be used, which altogether will drastically increase the throughput, lower the
cost of production and the final-end product, and eventually allows for the exploration into
a multi-layer integrated circuits [49, 50], and flexible circuits [51–53]. Being a contactless
deposition technique, this can be further implemented to printing directly onto irregular
surfaces with the proper machinery, thereby eliminating the need for intermediate process
steps involving the use of stencils or adhesives. Overall, with the reduction in process steps
and the controlled use of production materials, inkjet-printed electronics are one step closer
to a more sustainable manufacturing technique.

1.5.2 Some challenges Inkjet Printing faces in Printed Electronics

The field of printed electronics consists of a range of products including ultra-high-end
devices such as displays [54], computer processor hardware down to a feature size of 10
nm [55] produced by lithography which inkjet is unable to compete with currently (except
for mid- to low-end applications). These resolutions are produced with such a degree of
precision that it guarantees the reliability and functionality of the devices. The inkjet printing
technology, despite being reliable, is unable to achieve such a degree of precision even
with intermediate process steps such as surface treatments [56], sacrificial coatings [57] or
exploiting the chemical properties of inks [58]. To date, sub-nanometre precision matching
the lithography process cannot be replicated via the inkjet printing technology. Additionally,
the material deposited by inkjet technology does not match the surface finish as that produced
via lithography techniques owing to surface roughness and overlap of interconnects, creating
weak points in the printed pattern. This may eventually lead to charge leakage or electrical
degradation at these locations, highlighting the inferiority of inkjet technology compared to
ultra-high-end lithography processes.

One could argue the composition of the functional ink for deposition can be tailored to
better improve the surface finish of the printed pattern, but this highlights the other limitation
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of the inkjet technology which is the material. Some of the changes which must be made
upon conversion of a screen printing ink include a significant decrease in viscosity [59],
and, for inks of a particulate nature such as metallic nanoparticle inks, a decrease in particle
size from orders of a few µm to nm [20]. These two ink properties are interconnected as a
decrease in viscosity without reducing the particle size would lead to particle agglomeration,
which would eventually clog the inkjet printheads. These requirements bear true to the
creation of a functional ink for inkjet printing purposes and can be rather challenging as the
sub-micrometre particles (metallic, ceramic, etc.) are not always readily or commercially
available.

Rheological properties such as viscosity and surface tension have a crucial impact on the
printability of the functional ink. The formulation of the ink needs to not only meet the printer
requirements but also prevent damage to the printer itself. One of the parameters which
can be modified is the viscosity of the ink – and this can vary depending on the printhead.
An ink with a high viscosity generally above 25 cP will be very difficult to print due to the
requirement of a larger actuating waveform to eject a droplet, greater than the capabilities of
a piezo-electric actuator, and can potentially damage the inkjet printing head, whereas one
with a viscosity lower than 1 cP will flow through the printhead and be rather difficult to print
and control reliably. The surface tension of the ink needs to be accounted as it determines the
drop formation process from satellites (low surface tension) to large droplets (high surface
tension), and also the spreading on the substrate which, in turn, affects the resolution and
surface roughness of the pattern.

Semiconductor inks are highly desired for printed electronics but given the high expec-
tations such as the desired high charge mobility crucial for efficient transistors (the higher
the charge mobility the faster the switch in a transistor), this narrows the choice for semi-
conductor materials. Inorganic semiconductor materials such as carbon nanotubes have
recently been developed and demonstrate substantial performance improvement over existing
semiconductor materials, but the challenge remain in getting a printable ink at a competitive
price [60].
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1.6 Motivation for Printed Electronics

Functional inks often require a form of heat treatment after being printed to improve the
characteristics of the final pattern, which can either be the electrical properties, mechanical
structure, surface finish or a combination. The chemical composition of the ink is crucial for
successful and reliable printing, and at the same time prevent the conducting components
from agglomerating. For example, in functional inks with a conducting element such as a
nanoparticle-based silver ink, the dispersant maintains the separation of the nanoparticles and
upon a thermal energy input, the heat incites the consolidation of conductive pathways for the
flow of electrons, and hence the conduction of electric current. This process is called sintering
and must not be mistaken for curing. For inks composed of particles, curing relates to the
process by which the particles lose their organic shell and exhibit a conductive behaviour
upon direct physical contact. This curing process takes places at a temperature determined by
the flash point of the organic additives in the ink [61], which is lower than the melting point
of the particles. Sintering, in contrast, occurs at a higher temperature after all the organic
components in the ink have been burnt off and a combination of particles growth and grain-
boundary relocation, also known as necking, begins. The method of application of heat can
vary significantly, ranging from hot plates or convection ovens [62–65], microwaves [66, 67],
radiation in the form of UV exposure [68] or LASER [69–71], electric current sintering
[72, 73] and even high temperature plasma sintering [74]. There have also been reports of the
use of chemicals for the sintering process [75, 76]. Some of these conventional methods such
as using a convection oven and chemical sintering have been thoroughly researched, are very
well-established and are currently being used for industrial applications, while others such as
microwave, plasma and electric current are still in their infancy and require thorough research
before implementation. In the last few decades, advances in LASER physics have improved
our understanding and reliability on lasers and have since been increasingly targeted for
implementation in manufacturing processes. Figure 1.9 below represents the conductivity
trends over the last decade, starting from the well-established conventional oven sintering,
and notable ventures in alternative photonic sintering techniques using intense pulse light or
LASER. Some of the notable improvements in conductivity of silver are described in the
work by Jahn et al. in 2010 [77], followed by Halonen et al. in 2013 [78] and Black et al. in
2016 [79] with 40 % bulk conductivity of silver and above reported. The work by Balliu et
al. in 2018 [80] reported 26 % bulk conductivity of silver by using laser sintering. In terms
of copper, Kang et al. in 2010 [81] reported superior conductivity values of copper using an
oven, followed by Zenou et al. in 2013 [82] and Niittynen et al. in 2015 [83] who both used
alternative photonic sintering methods.
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Fig. 1.9 Chart showing the conductivity trends over the last decade of silver and copper
patterns aimed at printed electronics. The region in highlighted in blue shows the author’s
contributions to the research field.

The recent increased research output into LASER sintering with inkjet printing of func-
tional inks has highlighted grounds for further investigation. As such, the focus of the thesis
lies in the investigation of LASER sintering with inkjet-printed components for printed
electronics applications.

Despite the niche market of ultra-high- and high-end electronics made by complex
photolithography processes where inkjet printing lacks the capabilities to challenge, the mid-
to low-end electronics markets can benefit from a boost in manufacturing and expansion
to printed electronics. Electronic systems fabricated using IJP can benefit from a reduced
cost per unit area, particularly with high throughput roll-to-roll processes as demonstrated
by Grubb et al. [58] and Sowade et al. [48]. This can be further expanded to flexible
and stretchable electronics which Huttunen et al. [84] investigated using a stretchable
silicone substrate. The mid- to low-end printed electronics market which shows promises
includes, and is not limited to, sensors and integrated smart systems (smart labels, temperature
monitoring, health monitoring systems, etc.) which require layers of sensing material
which can be printed onto substrates of varying mechanical and elastic properties; RFID
communication devices with links to the Internet of Things (IoT); flexible OLED displays
where waste reduction and management is crucial during the manufacturing process; and,
more importantly, printed transistors which comprises conductive electrodes, semiconducting
channels and an insulating gate dielectric [44, 85].
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1.7 Questions and key points to address in the following
chapters

Inkjet printing has proven benefits and has been adopted in many large-scale manufacturing
processes as a replacement for lithography, for example in the making of optical elements
such as lenses [86, 87], electroluminescent devices [88], and organic light emitting devices
[89] to name a few. Prior to their adoption, these manufacturing processes had been rigorously
trialled and tested to be reliable and provide cost-saving opportunities to the industry. Hence,
for IJP to set foot in additional areas of manufacturing such as printed electronics, there
are many factors which need to be understood and proven reliable, and the post-printing
heat treatment operation is a major one. The simple traditional method of applying heat by
placing the pattern in an oven has proven benefits, but the major drawback is the limitation of
the substrate as the latter must withstand thermal damage during that lengthy heat treatment
process. High temperature-tolerant substrates such as polyimide can withstand temperatures
of up to 400 °C whilst maintaining their robust mechanical properties and flexibility, but are
expensive compared to other polymeric substrates such as polyethylene terephthalate (PET)
and polyethylene naphthalate (PEN) which have a lower heat tolerance (glass transition
temperature of PET and PEN are 70 °C and 120 °C, respectively). This drives the research
focus for alternative sintering methods which are better able to direct the applied energy
towards the printed pattern, limiting any thermal damage to the substrate.

LASER sintering is a promising field, particularly after the recent advances in the
industry which improved the understanding, control, and reliability on the LASER processing
parameters. This method of irradiating the printed pattern has attained a proof-of-concept
stage and requires additional resources and research into an in-depth study between the
interaction of radiation and the printed pattern.

Hence, the focus of this thesis lies in the investigation of laser sintering inkjet-printed
components, with a focus on printed electronics patterns. Functional inks of a conductive
behaviour such as copper and silver nanoparticle inks are focussed on given their attractive-
ness to the mid- to low-cost manufacturing. Some of the questions which can be asked at this
stage include:

1. Can laser sintering be done on inkjet-printed metallic nanoparticles to form thin films?

2. Does the thin film experience any damage during the laser sintering process?

3. What are the effects of the laser sintering process on the printed pattern, and also the
thin film?



Chapter 2

Functional Inks and Sintering
Mechanisms

Summary

In this chapter, functional inks and their interaction with a variety of substrates are investi-
gated. First an overview of inks used for inkjet purposes is provided, then follows a brief
overview of the categories of inks used for printed electronics, with more focus laid on
conductive inks. The formulation of a functional ink is discussed in detail, and also compared
to the quantifiable theory in literature which has been used as a guide for years, albeit not
relied upon fully. The droplet deposition process is also discussed in relation to its influence
on the performance of the functional ink and geometry of the printed pattern.

The next section dives into the sintering process for printed electronics, defining the
term and using an illustrative approach to explain the process. Some of the most recent
works of sintering inks for printed electronics applications using alternative methods to
conventional thermal sintering are discussed. The focus of this section is then shifted towards
laser sintering due to its recent success, yet lack of understanding in the interaction with the
printed patterns. A brief explanation of the principle of operation of a laser is given, after
which a review of some of the most recent works using laser sintering is presented.

This chapter concludes with questions surrounding the use of pulsed lasers for manu-
facturing processes, and their potential inclusion for the post-processing of inkjet-printed
functional materials. The areas seeking further investigation such as the mechanical and
electrical performance of the laser sintered features are highlighted, with the aim of being
investigated in the next chapters.
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2.1 Functional Inks

Inkjet printing as a technique is a reliable direct-write method of depositing an ink on a
surface. In the case where a typical desktop inkjet printer is not performing, a closer look
will reveal that it is most likely the ink which is misbehaving instead of the printhead system
(unless there is a paper jam, in which case the carriage of the printer itself is faulty). There
are many factors which influence the printing performance of an ink, therefore setting the bar
for the requirements of an ink to be very high. For graphics printing at home or in an office,
the typical requirements for such an ink generally involves a long shelf life (home users
replace an ink cartridge between two to six times a year), stability at a range of temperatures
and humidity, and more importantly an accurate colour rendition on paper (which relies on
the quality of the pigments in an ink). Therefore, when formulating an inkjet ink for graphics
printing, the chemical composition of an ink is the determining factor for reliability.

Nowadays, inkjet printing has evolved from graphics printing for the home user to more
advanced printing processes, such as printed electronics, which require specially formulated
inks comprising a functional element. This trend towards functional inks can be attributed to
advances in nanoscience material technology, enabling a more widespread range of materials
of different sizes and properties to be more commercially available. These inks for printed
electronics consist of an electrically relevant component which has one of the following
properties:

(i) conducting;

(ii) semiconducting;

(iii) dielectric;

(iv) insulating.

Consequently, functional inks have more requirements to fulfil and can make their
synthesis a more complicated process. There has been an increasing amount of novel
materials of sub-micrometre and nanometre dimensions that have been discovered in the last
few decades, and prompted a revised classification mechanism proposed by Pokropivny and
Skorokhod [90]. This revised classification includes 0D, 1D, 2D and 3D materials which
conform to certain nanostructures, explained below:
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0-D (zero-dimensional)
Zero-dimensional materials are those which conform to the nanoscale (nm, 10−9m). In recent
years, physical and chemical micro-manufacturing processes have produced well-defined
materials which conform to the 0-D scale, such as quantum dots and nanoparticles of less
than 100 nm.

1-D (one-dimensional)
One-dimensional materials include materials outside the nanoscale, such as nanowires,
nanorods, nanotubes, etc. They are commonly used in the layering of interconnects for
printed electronics (displays, solar cells) and security printing [91].

2-D (two-dimensional)
Two-dimensional materials are those which exhibit plate-like shapes, such as nanoplates
(graphene), nanodisks, nanowalls, etc. These class of materials are key to the understanding
the mechanism of nanostructure growth and are the prime choice to investigations into
developing novel sensors and other 2D structures of materials [92].

3-D (three-dimensional)
Three-dimensional materials have been reported to have a well-defined structure and mor-
phology, and, due to their larger surface area to volume ratio, create large absorption sites
for molecules at distinct microscopic locations [93, 94], with applications in the transport of
molecules due to their inherent porosity in three dimensions [95].

The synthesis of nano-dimensional materials is of great interest due to their inherent novel
physical and chemical properties which differ from their larger dimensional bulk counterparts.
There are many methods of synthesis, many of which are still under investigation, that can
be split between physical and chemical processes. The physical synthesis process is advanta-
geous due to its eco-friendliness, although the chemical synthesis process produces materials
that can be refined into a final end product and have a good chemical homogeneity. However,
there are additional process steps to filter the by-products at the end of the chemical synthesis
process, which altogether increase manufacturing costs and duration. For an in-depth review
of the synthesis of each type of nanomaterial, the reader is directed toward the article by
Tiwari et al. [96].

In this chapter, inks for printed electronics will be discussed, with a particular focus
on zero-dimensional nanoparticle inks as they are the most commonly used materials for
printed electronics, particularly for inkjet printing purposes. Functional inks of a conductive
behaviour will be focussed upon.
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2.1.1 Survey of inks for Printed Electronics

This section provides a brief overview of the use of each category of functional ink used for
printed electronics purposes from an inkjet printing perspective.

Conductor inks

Conductor inks can be of a metallic suspension, metallic solution, polymer or carbon based.
The most commonly used inks of this category for printed electronics are metallic-based
nanoparticle inks (zero-dimensional) due to their vast availability. The important advantages
of metallic-based inks are their stability over a range of storage and printing conditions, and
the high loading of the ink (generally between 30 – 40 wt.% of particulate material) which
results in more conductive material being deposited per pass. In addition to nanoparticulate
materials, nanowires (one-dimensional) have also been used for printed electronics due
to their similar advantages, but are less favoured for inkjet printing purposes due to their
high aspect ratio and lower volume fraction which may cause printability issues and require
multiple passes to produce an electrically conductive pattern. Metallic nanowires exhibit
better mechanical performance when subjected to tension, torsion, bending or compression
due to their ductility [97], hence are the preferred material for flexible and stretchable
electronics [98, 99]. Other types of metallic inks can be solution based such as metal-organic
decomposition (MOD) inks where a metallic salt is dissolved in a solvent, resulting in a
solution free of particulate matter. Upon deposition, the post-processing step (heat treatment)
is used to “activate” the metal compounds which become conductive. The use of a metallic
solution for inkjet printing eliminates any blockages in the printhead, and generally the
loading of MOD inks is inferior to nanoparticle-based inks.

Choice of metal for ink formulation

In terms of which metal to use, the choice is primarily dictated by cost, perfor-
mance, and ease of handling. Silver, although the most conductive of metals,
is expensive, whereas copper, which is much more affordable, often requires
a controlled atmosphere in order to prevent the formation of copper oxide. In
terms of bulk resistivity, silver has the lowest, 1.59× 10−8

Ω ·m, copper has
the next lowest 1.72× 10−8

Ω ·m, then gold 2.44× 10−8
Ω ·m. Even though

these three metals have excellent values of conductivity, when the cost of the
metal is factored in the decision, the choice becomes more complicated. Gold
(as expected is most expensive) costs about a thousand dollars per ounce, silver
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is about twenty dollars an ounce, whereas copper is only about twenty cents
an ounce. Other metallic based inks have been researched, such as aluminium
(resistivity of 2.82× 10−8

Ω ·m, and about ten cents per ounce), although it
undergoes even faster oxidation than copper to form a thick, non-conductive
aluminium oxide layer. This makes the ink formulation more complex and less
stable, as compared to formulating printable copper nanoparticle inks [100].
Nickel (resistivity of 6.99×10−8

Ω ·m, about fifty cents an ounce) has also been
considered as a metallic-based ink for printing conductive patterns [101], and
metal oxides such as Tungsten oxide [102, 103] (about five dollars an ounce) and
Zinc oxide [104, 105] (about fifty dollars an ounce) are also being investigated
for printed electronics applications.

Polymer-based conductor inks for printed electronics are favoured for applications where
optical transmission is a key criterion. The most common type is Poly(3,4- ethylenedioxythio-
phene):polystyrene sulfonate (PEDOT:PSS), which is commonly used for inkjet applications
and in roll-to-roll (R2R) manufacturing of displays as the optimised formulation of the ink
has an optical transparency of around 80 % [106], although recent reports mention an optical
transmittance of above 90 % for ultra-thin coats of PEDOT:PSS [107], making it extremely
suitable for interfacial layers of optoelectronics devices. Printed PEDOT:PSS films are also
chemically stable and structurally elastic [108] and biocompatible, making them another
candidate for flexible, stretchable and wearable electronics [109, 110]. Other polymer-based
conductor inks include polyaniline (PANi) [111] and polypyrrole (PPy) [112], and they have
been explored with similar endeavours due to their superior flexibility to metallic based inks,
low-cost and biocompatibility [113].

A third category of conductor inks is carbon-based, where graphene is the most commonly
used conductor ink for applications in printed electronics. As an allotrope of carbon, graphene
(two-dimensional) has been of peak research interest in the recent decade due to its distinctive
electrical, mechanical, and optical capabilities. The high charge mobility of graphene makes
it an ideal candidate for nanoelectronics in high-frequency applications [114], and due
to the unique mechanical properties, they have been reportedly used in nanomechanical
sensors [115, 116], thin-film transistors [117], conductive composites and electrodes [118].
Recent reports have also demonstrated graphene being combined with PEDOT:PSS for
biocompatible applications [119]. Despite the superior elastic and biocompatible properties
of polymer-based conductor inks, their inherent electrical performance does not match
metallic or carbon-based conductor inks.
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Semiconductor inks

Semiconductor inks can be of either an organic or inorganic nature, with the main difference
being in their charge transport mechanism. For inks of an organic nature, the charge transport
mechanism is based on the charge carriers “hopping” between localised states, while for ink
of an inorganic nature the charge carriers move in wide delocalised planes. The interest for
organic inks is based on the fact that they are biodegradable, cheaper, and easier to fabricate
as compared to inorganic inks which have a more rigorous and sensitive processing condition,
but results in more stable inks. Some organic semiconductor inks which have been reportedly
used for printed electronics applications include PBTTT – Poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophenes [120], TIPS-Pentacene [121], P3HT – Poly(3-hexylthiophene)
[122] and DH4T – α,ω-dihexylquaterthiophene [123]. As for the inorganic semiconductor
inks, the most popular and reliable ones are silicon-based [124], although due to the recent
interest in flexible electronics, other formulations have been explored including carbon-based
(graphene or single-walled carbon nanotubes) [125, 126] or ionic metal oxides [127] as a
base.

Dielectric inks

Dielectrics are a key component in thin film capacitor and transistor circuits as they are used
to maintain an electrostatic field between the conductor layers while minimising heat loss. In
printed electronics, the dielectric layer is in the form of a printed polymer film as compared
to solid ceramics or metal oxides in large scale applications. The most commonly available
dielectric used in thin film transistors (TFTs) is crosslinked PVP – poly(4-vinylphenol) [128],
PMF – poly(melamine-co-formaldehyde) and PGMEA – propylene-glycol-monomethyl-
ether-acetate [129, 130].

Insulator inks

Insulator inks play a vital role in ensuring the proper function and durability of printed elec-
tronics, particularly when two or more stacked or adjacent layers are involved. Insulator inks
prevent cross-talk between different charge carriers and can also be used as an encapsulating
layer to prevent damage or contamination from external sources. The most commonly used
insulator in printed electronics is SU-8 [131–133]. Another silicone-based encapsulating
agent which doubles as an insulating layer is PDMS – polydimethylsiloxane, and it has
reportedly been used in several studies involving printed electronics [98, 134, 135].
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2.1.2 Functional ink formulation and rheology

To guarantee the superior properties of functional inks over regular dye-inks for at-home
inkjet printers, there are several parameters associated with the rheology of an ink, that is,
the science involving the flow characteristics of the fluid including its behaviour under stress
(during printing), which must be carefully tailored. Some of the rheological parameters
include the surface tension and viscosity, and for functional inks the solid content, particle
size and shelf life must be also addressed.

Surface tension

The surface tension of an ink is an important criterion to consider for the droplet formation
process and the interaction with the targeted surface once deposited. It is defined as the
work required to expand a surface by a certain amount, due to direction dependent forces
of molecules residing at, or close to, the interface. The surface tension can be tailored by
the addition of surfactants and a careful solvent composition. Surfactant can contain either
hydrophobic or hydrophilic substances which affect the molecules at the surface or interface.
For example, to improve the “wetting” of a fluid on a surface, surfactants which lower the
surface tension are used. Surface tension measurements can be either static or dynamic. For a
static surface tension measurement, the value of the measurement method is associated with
the thermodynamic equilibrium independent of time, as compared to the dynamic surface
tension which refers to a particular surface at a given time. In the case where a new surface
is formed (during a drop formation process, or the spreading of a drop on a surface), the
dynamic surface tension must be considered when a surfactant is involved. Figure 2.1 below
shows the change from static to dynamic surface tension for a fluid containing a surfactant.
While the surfactant is dispersed inside the fluid, the dynamic surface tension is much higher
and decreases until equilibrium as the surfactant is adsorbed at the surface.

Fig. 2.1 Illustration of a time-dependent surface tension measurement for a fluid with
a surfactant, showing the progression from static to dynamic surface tension due to the
diffusion and adsorption of the surfactant.
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Viscosity

Viscosity is a parameter which mediates the flow of a fluid, and for inkjet printing this
parameter is critical as it determines the flow through a nozzle. It is affected by factors
such as the solvent composition, concentration of additives, surfactants, and flocculation.
Most inkjet inks are Newtonian, i.e. their viscosity is constant over a range of shear rates.
However, inks which contain additives can change this behaviour in a way that the viscosity
varies as a function of the applied shear rate. This behaviour is termed “non-Newtonian” –
a fluid where its viscosity decreases with an increased shear rate is called “pseudoplastic,
or shear-thinning” whereas one where its viscosity increases as the shear rate is increased
is called a “dilatant, or shear-thickening”. This is due to the structural reorganisation of
the fluid molecules during flow, which is not always uniform as compared to Newtonian
fluids where the reorientation of the molecules is symmetrical in shape and properties. An
exception to these categories is a “Bingham plastic” fluid which requires a minimum shear
stress before it flows, only after which it behaves as a Newtonian fluid. An example of such
a Bingham plastic fluid is mayonnaise. Figure 2.2 below is a graphical illustration of the
different types of fluids discussed above.

Fig. 2.2 A graphical representation of the relationship between applied shear rate and [left]
shear stress and [right] viscosity for different types of fluids.

Typically for inkjet applications the viscosity of fluids is in the range of between 5 –
20 cP, depending on the method of drop ejection (up to 3 cP for thermal drop-on-demand).
The particle content of an ink may also cause a change in viscosity due to the flocculation
of particles, hence a balance between loading, viscosity and surfactant content must be
maintained.
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Solid content and particle size

Particulate content in a functional ink must be carefully controlled in terms of mass or volume
fraction as it directly affects the rheological properties of the ink. Generally, a high particle
content in an ink increases contact between the particles, although they are more susceptible
to agglomeration which can cause printability issues such as clogs in a printhead during
jetting. In addition to the amount of particles present in the ink, the size of the particle must
be given adequate consideration. Generally, the size of the particle present in the ink must
be at least twenty times smaller [136] than the diameter of the nozzle orifice in a printhead
to ensure reliable printing, although inks with a larger particle size have been successfully
printed in very dilute concentrations, or rely on the physical act of “stirring” by using a back
pressure (negative pressure difference). As solvents are used to formulate these functional
inks, volatile inks are produced as a result which is undesirable during printing (although
considerably more desirable during drying) as they can cause clogs at the nozzle orifice.
Humectants, chemical compounds which retard the evaporation of liquids, are used to control
the drying rate of the ink inside the printhead as well as the printed pattern. They are a
substantial portion of the solvent in the range of 10 – 30 wt.% of the ink.

Shelf life

The shelf life (storage) of an ink is another important criterion to consider during formulation
as the chemicals (solvent, surfactant) used may decompose over time. An ink with an
excellent shelf life would have the same overall properties after a prolonged period of time
(typically two years of storage) at room temperature, and these would qualify as stable inks.
In contrast, unstable inks are affected by several environmental factors such as temperature
or light sensitivity, and often times other factors such as the storage vessel walls reacting
with the ink can be the cause of ink degradation. Additionally, an imbalance in the chemical
composition (e.g. pH) of a particle-based ink may lead to sedimentation due to lengthy storage
times. Surfactants often cause the formation of bubbles which are highly undesirable in
functional inkjet inks as they cause printability issues. To alleviate this problem, chemists use
defoamers which are a chemical compound that reduce the surface tension at localised regions
to very low values and facilitate the flow of liquid between particle surfaces. Defoamers
are used in minuscule concentrations to avoid the separation of molecules during prolonged
storage, which can be detectable during and after printing.
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2.1.3 Theory and mechanics of drop formation

In inkjet printing, the generation of droplets is a complex phenomenon which is governed by
numerous laws of physics and fluid mechanics, and they are still being researched nowadays
[30]. The behaviour of these liquids can be quantified and characterised by a number of
dimensionless physical constants, of which the Reynolds (Re), Weber (We) and Ohnesorge
(Oh) numbers are the most useful. The Reynolds number, given in Equation 2.1, compares
the inertia forces to viscous forces within a droplet; the Weber number, given in Equation
2.2, is a measure of the influence of the kinetic energy relative to the surface energy of the
fluid; and the Ohnesorge number, given in Equation 2.3, compares the viscous forces to the
surface tension forces.

Re =
vdρ

η
(2.1)

We =
v2dρ

γ
(2.2)

Oh =
We

1
2

Re
=

η

(γdρ)
1
2

(2.3)

where ρ , η and γ are the density, dynamic viscosity and the surface tension of the fluid
respectively, v is the velocity of the fluid and d is the characteristic length.

Both the Re and We number are important to define the droplet characteristics [137].
In 1984, Fromm’s work [138] was the first to provide a significant understanding through
numerical methods for the mechanism of drop generation, and he used the Ohnesorge number
for this purpose. However, he introduced the Z-number ( Z = 1/Oh ) as a parameter to better
illustrate his findings, and proposed that Z > 2 for the generation of stable drops. However,
to date, this range has proven to be unreliable as it has been demonstrated that solvents
with a Z-number up to 91 could be inkjet-printed successfully [139]. Reis et Derby [140]
argued that at low values of Z viscous dissipation, a mechanism which occurs when the fluid
converts its kinetic energy into internal energy, prevents drop ejection whereas higher values
of Z result in long liquid tails and numerous satellite drops occur behind the main drop.

Viscous dissipation occurs at low values of Z-number and is a result of the kinetic energy
of the fluid being converted into its internal potential energy. The air-to-fluid barrier at the
nozzle orifice introduces a surface tension which the droplet has to overcome to separate
from the filament. For this separation to happen, Duineveld et al. [141] suggested that there
needs to be a minimum velocity, vmin, which allows the ejection of a droplet with the least
possible kinetic energy, and this is given in Equation 2.4 below:
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vmin = (
4γ

ρdn
)

1
2

(2.4)

where dn is the diameter of the nozzle.
When the velocity increases, the impact of the droplet onto the substrate must be consid-

ered. Even though the droplet volume is in picolitres, the large separation between the nozzle
orifice and the substrate causes the drop to gain kinetic energy and consequently it spreads
upon contact [142]. There is a considerable amount of ongoing research into understanding
the mechanisms of splashing of a fluid, but the relationship explained by Stow et al. [142] in
Equation 2.5 is well-established.

We
1
2 Re

1
4 > f (R) (2.5)

where f (R) is a function of the surface roughness of the substrate only. This relationship
has been the subject of numerous investigations by several scientists [143–146] and it was
determined that for flat, smooth surfaces f (R) ≈ 50 [147].

By rearranging Equation 2.4 in terms of the Weber number, and a combination of
Equations 2.4 and 2.5, Derby [148] plotted the range of values which determine the fluid
properties that can be used in a DOD inkjet system in Figure 2.3.

Fig. 2.3 Graph of the range of values for a fluid to be usable in a DOD inkjet system,
highlighting the four scenarios which may occur in the event of improper selection of
parameters. Note that the graph was corrected and redrawn by Derby from ref. [1] with
permission from the journal. Reprinted from Derby [148] under Creative Commons open
access license.
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2.1.4 Droplet-substrate interaction

The deposition of an ink from the ejection of a droplet to contact with the substrate has many
implications which altogether determine the spreading of a drop on the substrate through
dynamic processes, which has been of significant research interest [144]. Typically, when a
drop impacts a surface, its kinetic energy is converted into interfacial surface energy which
eventually determines the degree of spreading. In inkjet printing, since the volume of the
drops are in picolitres, the unstable splashing and bouncing energy dissipation methods are
generally not discussed as the drops are minuscule and generally have a low in-flight velocity
in the range of 1 – 10 ms−1. Instead, the degree of spreading is determined by more stable
energy dissipation methods that can then be classified into two regimes: impact driven based
on inertial forces; and capillarity driven, based on capillary forces which are unaffected
by the initial drop velocity. The research by Yarin et al. [144] investigated the impact of
Newtonian liquid drops within a range of velocity (1 – 30 ms−1) and droplet diameters (100 –
3000 µm). Even though the range is much wider than for typical inkjet printing purposes, the
experimental analysis can be used as a close approximation for reference to inkjet printing.

The evolution of the diameter of spreading can be classified into four distinct phases: the
kinematic phase, the spreading phase, the relaxation phase, and the equilibrium phase. The
first stage of impact is driven by kinematic behaviour and the liquid is compressed, forming a
shock wave [149, 150] which detaches after reaching a critical angle. This stage lasts for less
than 1 µs in the case of inkjet printing owing to the dimensions and velocities involved. After
this stage, the spreading phase is characterised by the formation of a radially expanding film.
Levis and Hobbs [151] and Cheng [152] demonstrated that the maximum diameter achieved
by the spreading film increases with the impact velocity. The relaxation phase is due to the
surfactant which dampens the wave, and this dampening phenomenon is governed by viscous
and surface tension forces which become more important in controlling behaviour. Capillary
forces become increasingly dominant in controlling spreading and become solely responsible
between 0.1 – 1.0 ms after impact, after which spreading continues due to relaxation and
oscillation, and finally the equilibrium phase is reached after 10 ms. Figure 2.4 below is an
illustration showing the different stages following the impact of a Newtonian drop which has
been deposited on a surface by inkjet-printing methods. The last stages of the behaviour of
the drop has been explained using a smooth surface to demonstrate complete wetting, and a
hydrophobic surface to demonstrate incomplete wetting through the retraction of the drop
from the surface.
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Fig. 2.4 Representation of the sequences involved from the moment of droplet impact onto
a solid surface. Initial impact occurs and is followed by a series of damped oscillations
before capillary-driven flow occurs. dini is the initial droplet diameter, dmax is the maximum
diameter to which a droplet spreads during impact, Vi is the droplet velocity at impact, θeqm is
the equilibrium contact angle, and deqm is the droplet diameter when equilibrium is reached.

After equilibrium, the final droplet will have a contact diameter, deqm, determined by its
volume and the equilibrium contact angle, θeqm. In inkjet printing the drop volume, diameter
and surface tension are so small that gravitational effects become negligible. Hence, the
shape of the final spread drop can be estimated as a segment of a sphere of equal volume of
the initial ejected droplet. This can be written in terms of the initial drop diameter, dini, to
obtain the spreading ratio, βeqm, given by Equation 2.6 below.

βeqm =
dini

deqm
= 3

√
8

tan θeqm
2 ( 3+ tan2 θeqm

2 )
(2.6)

This relationship has been shown to reliably predict the diameter of the printed droplets
and shows that it is a linear function of the diameter of the drop in-flight.
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2.1.5 Goniometry

The final shape of the printed feature is highly dependent on the contact angle of the drop
onto the substrate, and this can be used to describe the “wetting” of a surface – a phenomenon
which describes how well a liquid spreads across a surface. After deposition onto the
substrate, during the spreading phase the drop advances over the dry surface in which case
the contact angle mentioned in Equation 2.6 previously is the static contact angle. This is
represented in Figure 2.5 which shows the interfacial tensions, γxy, acting on the drop from
the three liquid-gas (γLG), solid-gas (γSG) and solid-liquid (γSL) interfaces.

Fig. 2.5 Representation of the interfacial forces acting on a droplet on a substrate. The contact
angle, θ , is less than 90°, indicating a partial wetting of the substrate. The substrate in this
case is the solid boundary in the interfacial tension.

If the drop stops spreading after deposition, the final angle can be easily measured through
contact angle goniometry principles. This angle is called the static contact angle, θs. During
the spreading, the angle measured is called the dynamic contact angle, θd . The contact angle
of a droplet on a substrate is highly dependent on the composition of the ink, the surface
roughness of the substrate and the surrounding environment. The interfacial tensions, γxy,
determine the shape of the droplet from the three interfaces liquid-gas (γLG), solid-gas (γSG)
and solid-liquid (γSL). The equilibrium contact angle can then be calculated using these
energies into the static Young’s equation [153], shown in Equation 2.7:

cos(θ) =
γSG − γSL

γLG
(2.7)

It is important to note that for a liquid drop to reach thermodynamic equilibrium, the
drop should not undergo any significant phase change such as solidification or evaporation
during the spreading process, and this may cause the contact line to be pinned. This is
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often the case for systems where the substrate temperature is raised. However, the use of
an elevated substrate temperature is often advantageous during printing so as to prevent the
over-spreading of droplets onto the surface, thereby tailoring the morphology of the printed
feature. The surface roughness of the substrate plays a significant role in this aspect given
that a droplet gets pinned at its boundary upon deposition and consequently forms a ring as
the solvent dries. This phenomenon, called “coffee staining”, is often observed in everyday
life and the study lead by Deegan et al. [154] resulted in three required conditions for ring
formation: (1) the solvent meets the surface at a non-zero contact angle, (2) the contact line is
pinned to its initial position, and (3) the solvent evaporates. In 2006, however, Hu and Larson
[155] supplemented these conditions with an addition which states that the Marangoni effect
resulting from the latent heat of evaporation be suppressed.

The coffee staining effect has been explained by Deegan [154] and it follows that when
a thin, dilute drop of a suspension ink is deposited onto a dry solid surface, the geometric
nature of the pinning and the increased rate of evaporation at the edge of the drop owing to a
thinner geometry cause the particles to move to the edge and create a build-up of solute. This
is illustrated in Figure 2.6 below where the transition from a deposited drop to an evaporated
one is shown. The length of the dashed arrows represents the rate of evaporation of the drop,
and the particles inside the drop can be seen to move closer to the edge to prevent shrinkage
of the drop diameter through capillary flow. The coffee staining effect can be altered or
even prevented in some cases by the use of a two-solvent system [156], or by changing the
temperature or vapour pressure of the atmosphere.

Fig. 2.6 Illustration of the motion of the particles inside a droplet during evaporation, from
the deposition of the droplet to the evaporation stage. The rate of evaporation of the droplet
is represented by the length of the upward facing dashed arrows.

Functional inks often require a heat treatment process to significantly improve their
functional characteristics. For conductive nanoparticle-based inks, this process is called
sintering, and will be discussed in the next section.
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2.2 Sintering Mechanisms

Sintering is a processing technique in which discrete particles fuse together under the
application of thermal energy (traditionally through heated ovens) to produce a density-
controlled component from metal powders. This concept has been extensively studied in
powder metallurgy since the 1940s [157] and since then, significant progress and development
have been made in sintering science which have led to the technique being applied to smaller
metal particles to join at temperatures below their melting point.

One example is the sintering of a dispersion of metal nanoparticles in the form of an ink
for printed electronics applications to form conductive pathways. The dispersion generally
consists of metallic nanoparticles with a diameter ranging from 1 and 100 nm. In a study
conducted by Buffat & Borel [158], gold nanoparticles of a diameter below 100 nm were
found to melt at a significantly lower temperature than their bulk metal properties with a
reduction from 1064 °C to well below 300 °C, especially when their diameter is below 5 nm,
depicted in Figure 2.7(a) below. This is due to the thermodynamic size effect as the surface
area exposed to heat is significantly larger [159]. A follow-up study conducted by Allen et al.
[160] extended this validity for other metals such as bismuth, indium, lead and tin, as shown
in Figure 2.7(b). The results of these studies confirm that metallic nanoparticles are ideal for
creating a dispersion in a liquid form for inkjet printing applications.

Fig. 2.7 Effects of particle diameter on the melting point of gold nanoparticles (a) and similar
experiments on bismuth, indium, lead and tin (b). Reprinted with permission from ref.[158]
for (a) and ref.[160] for (b).

The composition of the ink is vital for both the printing and the sintering process.
Chemical additives such as dispersants, organic binders and solvents are required to ensure
a smooth printing process, although as the sintering process is initiated by the application
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of heat, these chemical additives need to be removed as they inhibit the flow of electrons
throughout the printed feature. Using Figure 2.8 below, an illustrative summary of the stages
of solid-phase sintering can be explained once a nanoparticle-based ink is deposited on a
substrate in the form of a pattern and the heat treatment phase begins.

Fig. 2.8 An illustration of the stages in thermal sintering with (a) the ink, as printed, prior to
the application of heat; (b) the removal of the solvent and dispersant; (c) Ostwald ripening;
(d) lattice diffusion. Note that in real life applications, the arrangement of the particles is not
so orderly. The sintering process has been simplified for illustrative purposes.

When the pattern is heated, the first stage (a) illustrates the evaporation of the solvent as
well as the thermal decomposition of the organic dispersant, thereby releasing the nanopar-
ticles from their protective cells. In this relatively low temperature regime, the sintering
process is mainly driven by the surface diffusion from the small particles to the larger ones
through a process called Ostwald ripening [161], as shown in stage (b). In layman’s terms, it
is assumed that the larger metal particles are immobile, and the macroscopic driving force
of sintering originates from the higher chemical potential of the small metallic atoms due
to their smaller radius of curvature, causing a redistribution towards the larger particles.
This phenomenon initiates a surface and grain boundary diffusion within the agglomerated
particles, which eventually leads to neck formation and an increase in the neck radii, as shown
in stage (c). The Ostwald ripening process stalls after a growth of approximately 150 % the
original size of the particle is achieved [39], leaving behind a porous structure with higher
conductivity values prior to the heat treatment but still lower than the bulk conductivity of the
metal. The Ostwald ripening process does not cause densification as the distance between
the large metal particles remains unchanged.
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In the final stage (d), the use of reference guides from the centre of the larger particles
from previous stages clearly illustrates a reduction of the size of the pores and densification
through lattice diffusion [162]. This process, described as particle migration and coalesce,
causes the atoms on the grain boundary with sufficient energy to detach and move towards
each other so that the centre of the spheres can coalesce. As the distance between the centres
decreases, the neck formation grows leading to an increase in the contact area and eventually
an increase in conductivity. The effectiveness of this process depends on the duration of
the applied thermal energy, which can be for several hours depending on the functional ink,
resulting in final density values between 95 – 99 % as the presence of impurities or surface
imperfections often slow the grain boundary mobility. The movement of particles eventually
leads to a shrinkage in the overall dimensions of the printed geometry due to a decrease in
porosity.

Activation energy plays a vital role in determining which process dominates throughout
the stages of sintering. For surface diffusion, the activation energy is the lowest as the
smaller atoms require the least energy to travel to the large metal particles, and consequently
prevails during the initial sintering stages where the density is almost unchanged. During
lattice diffusion, however, the activation energy is much higher for the larger particles to
migrate towards each other, hence only occurs at higher sintering temperatures resulting in
an increase in density at the cost of shrinkage of the component [163]. This highlights the
importance of the sintering temperature for the metallic nanoparticles. On the one hand the
higher the temperature, the higher the energy input and the faster the sintering process as
the particles relocate more vigorously; but on the other hand, the thermal limitation of the
substrates must be compatible with the temperature selected.

The sintering process is generally done through exposure to heat and there are many
methods of heat application, other than the conventional thermal sintering using ovens.
The next section briefly describes some alternative sintering methods which have been
successfully used to produce printed electronics.

2.2.1 Alternative sintering techniques

During the conventional sintering process which uses a hotplate or an oven, the application
of heat starts from the bottom to the top of the substrate via conduction as well as convection
assisted by the atmosphere or a fan in an oven. Heat is also transferred via radiation from
the internal walls of the oven to the substrate. This radiation-conduction-convection heat
transfer process is well established, but poses a limitation to the substrate of choice. Hence,
researchers have investigated alternative techniques which can be applied to thermo-sensitive
substrates. These are briefly discussed in the following sections.
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Microwave heating

Microwave heating uses electromagnetic radiation (wavelength in the range of 1 mm – 1 m)
which are directed towards the printed pattern to absorb the radiation. Metals are known to
reflect microwaves and generate electrical discharges in the form of arcs or sparks, whereas
metal powders, on the contrary, having a particle size of around a few micrometres, are proven
to be good absorbers of microwave radiation [164, 165]. This is because the penetration depth
of the microwave radiation at 2.54 GHz, (109 Hz) for metals such as silver, gold and copper
is approximately 1 – 2 µm, as theoretically explained by the Maxwell-Wagner polarisation
effect. Perelaer et al. [166, 66, 67] have attempted to bridge this theoretical gap through
experimental studies on microwave sintering of inkjet printed conductive inks on polymeric
substrates with reliable and comparable results obtained in very little time (20 % bulk silver
in less than 5mins). Additional studies [167–169] further highlighted the applicability to
high throughput roll-to-roll (R2R) production for printed electronics applications.

Chemical sintering

The core attribution to the success of chemical sintering relies on the meticulous chemical
composition of the ink, and sometimes to the substrate of choice. The initial grounding work
by Valton et al. [170] in 2010 investigated the room temperature curing of conductive silver
features following inkjet printing, and eventually led to a patent as it was the first reported
technique of chemical-assisted curing on polymer substrates. Further research exploiting
the meticulous chemical composition of the ink to form conductive printed features have
been reported [76, 171, 172, 75], with comparable bulk conductivity of silver achieved (up
to 20 %). However, due to better results achieved solely by thermal sintering, the prospects
of chemical sintering for large-scale expansion are less probable mainly due to the strict
discipline in the chemical composition of the inks, the numerous process steps, and the cost
and environmental considerations for the use and treatment of harsh chemicals prior to safe
disposal.

Electrical sintering

Another distinct method of sintering nanoparticles is via the application of a voltage across
a printed pattern. In a study by Allen et al. [72], a direct current (DC) voltage was applied
across a pattern made out of inkjet-printed silver nanoparticle-based ink on photo paper. The
pattern was subjected to 50 volts and the sample resistance significantly decreased by several
orders of magnitude within 2 µs. Upon comparison with identical samples which had been
thermally sintered at 120 °C for 20 min, the electrically sintered sample was found to be
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superior in terms of electrical performance with a maximum of 58.7 % bulk conductivity of
silver obtained under optimum sintering conditions on photo paper. Further experimental
modelling [173] and validation [174–176] have demonstrated the advantages of electrical
sintering with comparable electrical performance, although this method can only be applied
to conductive inks of a nanoparticle-based nature, and consequently there has not been many
applications of this sintering method to date.

Plasma exposure sintering

Plasma sintering exposes conductive inks to low-pressure Argon plasma, and if the duration
of the exposure is optimised, the ink can be sintered to high bulk conductivity values. This
technique, developed by Reinhold et al. [177], initiates decomposition of the organic elements
in the printed feature from a top-to-bottom approach, resulting in a bulk resistivity of less
than one order of magnitude higher than the value of bulk silver achieved on polymer films
such as PET after 60mins. Additional studies by Wolf et al. [178] and Wunscher et al.
[179, 180] reported high conductivity values of up to 40 % bulk silver and an applicability to
thermo-sensitive substrates. However, in a study by Niittynen et al. [181], the importance of
precise control of the plasma sintering process was highlighted – a printed sample which has
not been completely sintered can create a surface delamination due to the poor adhesion of
the bottom layer with the substrate, while an “over-sintered” sample can crack due to the
rapid material shrinkage and vaporisation of the organic stabilisers.

Intense pulsed light sintering

Intense pulsed light (IPL) sintering, also referred to as flash light sintering, relies on a flash
lamp which delivers pulses of energy over a broad range of wavelengths (ranging between
380 – 950 nm) within a predetermined area, which is usually a few cm2. The aforementioned
success of this method relies on the careful control of the pulsing frequency and power of
the lamp in order to control the amount of energy delivered to the sample. This technique
has proven to be advantageous due to its applicability to polymer inks, ceramics [182],
and metallic nanoparticle-based inks such as silver [168, 183] and copper [184–187, 83]
with conductivity values of up to 43 % silver and 30 % copper achieved. These studies also
demonstrated applications using thermo-sensitive substrates such as PEN films and expansion
to R2R. However, a flash light sintering system can be a costly addition to printing systems,
especially due to their bulky size and narrow processing window. Moreover, these systems
often require sophisticated cooling capabilities (e.g. water cooling) to operate safely and
reliably.
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2.2.2 LASER sintering

Intense pulsed light (IPL) sintering makes use of light within a certain range of wavelengths
to perform the sintering process. These form part of a process called photonic sintering,
a process whereby light is pulsed repeatedly to deliver the energy within a confined area.
The advantage of this method of delivering energy is for its efficiency and more defined
control of the energy delivery process parameters as compared to other forms of conventional
sintering such as thermal. LASER (Light Amplification by Stimulated Emission of Radiation)
sintering is remarkably similar to photonic sintering, with the main difference being in the
emission area and the wavelength of the incident radiation. In the case of laser sintering, the
processing area is in the range of mm2 or less, and due to the nature of the laser radiation,
the range of wavelength is significantly more defined to within ±5 % of the stated emission
wavelength.

The promising photonic sintering method highlights grounds for investigation to better
understand the interaction of the radiation with the printed patterns from a printed electronics
point of view. As such, the following section describes the use of lasers for sintering from
a printed electronics perspective as the emission area is much smaller and the effects of
the incident radiation can be better quantified. On a grander scale, laser sintering has the
advantage of being selective as compared to flash or IPL sintering due to the much more
defined area, and consequently may lead to the fabrication of conductor-insulator composite
patterns. Some of the latest developments using lasers in inkjet printing are also surveyed at
the end of this section.

Laser systems

A laser is a high intensity light source which is not only monochromatic but also coherent
with a unique directionality. The high intensity aspect of the laser allows the laser beam to
be focussed to a high power density, within a narrow bandwidth (due to the monochromatic
beam), over a long distance due to the coherence and directionality. Altogether, these four
properties of the laser occur simultaneously during a stimulated emission, and not in the
ordinary flashlight. There are numerous types of laser and these can be sub-categorised as:

1. Solid-state lasers

2. Gas lasers

3. Dye lasers

4. Semiconductor lasers
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Solid-state lasers

Solid-state lasers contain materials which can either be transparent crystals or glass which
are heat resistant and contain rare-earth elements as active ions. Currently, the most practical
solid-state laser used for material processing and machining is the YAG laser which contains a
Y3Al5O2 (yttrium aluminium garnet) crystal composed of neodymium Nd3+ ions, also know
as the Nd : YAG laser. It can be found in industrial sites welding heavy metals, in the surgical
suite performing delicate surgery, in the research laboratory making precise spectroscopic
measurements, and on a satellite orbiting the planet Mars measuring the detailed topography.

Gas lasers

Gas lasers consist of a glass tube filled with a mixture of gases which act as the laser medium.
The most common gas laser is the Helium-Neon laser, but there are different types such
as Argon-ion, Carbon dioxide, Carbon monoxide, Nitrogen and excimer lasers to name a
few. The laser medium, in this case the type of gas used, determines the laser wavelength
and efficiency. Currently, CO2 lasers are the most efficient (up to 20 % efficiency) and are
generally used for processing materials in industrial applications, while others are around
1 % efficient. Excimer lasers are frequently used in the semiconductor photolithography
manufacturing process.

Dye lasers

Dye lasers use complex organic dyes diluted in a solvent such as a pure alcohol (e.g. methanol)
as the laser medium. Some of the dye molecules include rhodamine 6G, stilbene and
coumarin. However, dye lasers are not very common due to their impracticability – the dye
molecules cannot survive without being constantly circulated by a pump in a reservoir, and
the dye-solvent mixture must be changed regularly as it degrades over time due to light
sensitivity. They are mainly used for dermatology.

Semiconductor lasers

A semiconductor laser, also referred to as a diode laser, consists of a p-n junction made out
of a semiconductor material. When the p-type junction is positively biased with respect to
the n-type junction through the application of a current, electrons flow easily from the n-type
junction to the p-type junction. When these electrons meet, they combine and, in the process,
emit a photon of energy almost equal to the band-gap energy.
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Generally, the semiconductor materials can have different band-gap energies resulting
in a different emission wavelength, such as GaAs (Gallium Arsenide, 904 nm), AlGaInP
(Aluminium Gallium Indium Phosphide, 760 nm) and InGaN (Indium Gallium Nitride, 405
nm) to name a few. Diode lasers are much cheaper, smaller and consume less power when
operated as the emission process within the p-n junction is highly efficient.

Fig. 2.9 Schematic of a simple semiconductor laser showing the different components. Note
that the active layer contains a reflective surface to the left, opposite to the direction of the
laser output. (b) represents the minimum excitation current required for stimulated emission.

In Figure 2.9(a) above, the two parallel facets of a direct-transition semiconductor are
perpendicular to the plane of the p-n junction, where a positive potential is applied to the
electrode on the p-type semiconductor and a negative to the n-type. When the photons are
emitted from the electrons which recombine, they bounce back and forth the active layer.
Note that, in Figure 2.9(a), the active layer contains a highly reflective end on the left, while
on the opposite side it contains a partially mirrored surface which allows only certain photons
through in the form of a laser output at wavelengths equal to the band-gap energy. The
intensity of the emitted light is a function of the injection current, as shown in Figure 2.9(b).
It can be seen that the intensity increases rapidly above a certain current Ith. This current,
Ith, is called the threshold current and is the starting current for laser oscillation. Below
Ith the directivity of the emitted light is poor, and the spectral width is broad, similar to a
light-emitting diode (LED) and can be described as a spontaneous emission. Above threshold,
however, the laser light has a narrower spectral width and sharper directivity [188] and is
described as a stimulated emission.
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2.2.3 Continuous wave and pulsed lasers

The emission of lasers can be sub-categorised under continuous wave (CW) emission or
pulsed emission. As their name suggests, CW lasers output an uninterrupted beam of light,
ideally with a stable output power and at the exact wavelength depending on the laser medium.
By controlling the power at the threshold current, the output of the CW laser can also be
controlled whenever required to output the laser beam.

Pulsed lasers, on the other hand, operate via the switching “ON” and “OFF” of the laser
output repeatedly. When turned “ON”, the pulsed laser delivers the laser energy in a single
pulse for the entirety of the duration – which can vary from as little as a few femtoseconds to
as much as a few milliseconds, after which the output of the laser goes to zero, i.e. the “OFF”
state. The laser is then switched “ON” and the cycle repeats. The rate at which the cycle
between switching “ON” and “OFF” the output of the laser is determined by the repetition
rate of the laser, typically given in hertz (Hz), and is defined as the number of pulses of
energy emitted by the laser in one second.

When comparing the power output of a laser, for a CW laser module the output power
will be relatively lower. For a pulsed laser, since it emits burst of energy in a very short time,
the output power is generally defined as “peak power”. The pulse energy emitted during this
period is shown in the shaded region of Figure 2.10 below. Pulse width, repetition rate and
peak power are not characteristics of a CW laser.

Fig. 2.10 Representation of a typical output for a pulsed laser, denoted by the blue strokes,
showing the pulse width, repetition rate and peak power output; and that of a continuous wave
laser, denoted by a red stroke, which is only typically characterised by the average power
output. Note that the area shaded under the pulsed laser represents the energy delivered in
that pulse.
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Over the years pulsed lasers have mainly been used for machining processes as their
peak power output can be contained to very short durations. Mafuné et al. [189, 190] used a
532 nm pulsed laser to produce silver nanoparticles from a silver metal plate irradiated at
nanosecond intervals in an aqueous solution. Similarly, Kabashin et al. [191] used an 800
nm femtosecond laser for the synthesis of gold nanoparticles via laser ablation. Ablation,
in the context of laser physics, is the process by which finer materials are removed from a
larger source. Typically, pulsed lasers are used due to their high energy density in a pulse,
which is significantly higher than that of a continuous wave laser. There are many factors
which influence the ablation process, including the absorption spectrum of the incident laser
irradiation, the penetration depth of the radiation, and the pulsing parameters of the laser.

Despite laser ablation being a subtractive manufacturing technique, there are many
advantages of this method. The heat affected zone (HAZ), probably the most significant
and distinguishable as compared to other subtractive manufacturing methods such as milling
or turning, is significantly minimised during the process. This makes this technique very
attractive for applications where heat-sensitive substrates are preferred, including surface
treatments such as cleaning or texturing [192]. The process leading to the minimising of
the HAZ first requires the optimisation of the "ablation threshold" of the material, the point
beyond which material is removed from the surface, as described by Gamaly et al. [193] and
Shirk et al. [194] who described the threshold levels for several metals.

However, prior to reaching the ablation threshold, the laser irradiation can be used to
deliver precise amounts of energy into a pattern. In the case of polymers, that energy may
lead to internal reactions causing cross-linking, photo-induced oxidation or depolymerisation
[195], whilst minimising the thermal energy diffusion to the substrate due to the short dura-
tion of the pulse [196]. In metals such as nanoparticles, on the other hand, this irradiation
prior to the ablation threshold level, can be utilised to induce sintering provided the energy
irradiated is sufficient to match the activation energy of the nanoparticles for relocations, as
explained in the earlier section on the sintering mechanisms.

As this thesis details the use of pulsed lasers for sintering of metallic nanoparticle-based
inks, the ablation threshold is of significant importance in order to avoid damage to the pattern
as well as the excessive heat diffusion to the underlying substrate. This very concept will lead
to the formation of the hypothesis of whether the thermal mass of the substate contributes
to the thermal energy diffusion during pulsed laser sintering whilst avoiding damage to the
substrate. The following chapters will further elaborate on these, with experimental data
used to test the hypothesis.
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2.2.4 Laser sintering in Inkjet applications

Continuous wave lasers have been successfully, and reliably used to perform the sintering
process in patterns printed from nanoparticle-based inks. Table 2.1 below represents a
survey of the latest inkjet-printed experiments using high performance conductive inks
for printed electronics applications, along with the respective results achieved via LASER
sintering methods including the use of continuous wave (cw) and pulsed lasers. The survey
includes experiments involving silver and copper inks which are printed on a variety of
substrates, including borosilicate glass, polyimide (PI), polyethylene terephthalate (PET),
silicone wafers, and a glass-epoxy composite.

The work by Niittynen et al. with silver and copper NPs resulted in the most promising
work with alternative LASER sintering methods using an 808 nm cw laser, although the
substrate of choice was generally polyimide due to its high temperature resistance (Tg ≈ 400
°C). When a silicon wafer was used for printing and cw laser sintering, the substrate showed
thermal damage due to the high temperature rise of the laser, and concluded with the
requirement of an insulator layer.

Some notable works with copper functional ink which were laser sintered but not inkjet-
printed, and instead used other deposition methods such as spin coating and screen printing,
resulted in relatively inferior conductivity values achieved as compared to the works by
Niittynen et al. and Halonen et al. However, the laser sintering process was successfully
done on PET films which have a much lower glass transition temperature as compared to
polyimide (Tg ≈ 80 °C), thereby demonstrating application to thermo-sensitive substrates,
and also the feasibility of pulsed laser sintering even though patterns were made via the
screen-printing technique.

The study by Niittynen et al. [69] further elaborated on the theory of laser sintering and
thermal modelling of the samples during the irradiation process. They used finite element
method (FEM) modelling to simulate the printed samples under the sintering temperature
provided by a laser and attempted to correlate their theoretical findings with actual experi-
mental data. In their experiments with the laser sintering of the copper nanoparticle patterns,
they used an 808 nm continuous wave semiconductor laser to irradiate the samples of varying
thicknesses, over a range of laser scanning speeds. Their study concluded with theoretical
data matching experimental data and highlighted several areas, in addition to sintering tem-
perature, which need further investigation to better understand the thermal energy variation
during the laser sintering process. This understanding is key to prevent the excessive heat
dissipation into the substrate, which would eventually allow the use of laser sintering of
printed metallic nanoparticle inks on thermo-sensitive substrates.
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Table 2.1 A survey of the recent state-of-the-art results achieved using inkjet-printed func-
tional silver and copper inks sintered using LASER (continuous wave, cw, and pulsed).

Author Ink type and substrate Sintering method Result (% bulk
conductivity)

Niittynen et al.
[181], 2014

Silver NPs on polyimide cw laser (808 nm) 35.0 %

Ji et al. [197],
2017

Silver nanoflakes on PET cw laser (532 nm) 25.2 %

Zhao et al.
[198] , 2020

Silver MOD on FR4 fibre-
glass

cw laser (532 nm) 23.0 %

El Hajjaji et al.
[199], 2021

Silver NPs on polyimide
cw laser (1064 nm)
and IPL

10.3 %

Joo et al.
[200], 2011

Copper paste on polyimide
(screen printed*)

Pulsed laser (355 nm)
under N2 atmosphere

9.2 %

Halonen et al.
[201], 2013

Copper NPs on polyimide cw laser (808 nm) 19.1 %

Niittynen et al.
[69], 2014

Copper NPs on silicon wafer cw laser (808 nm) 15.9 %

Niittynen et al.
[83], 2015

Copper NPs on polyimide
cw laser (808 nm) and
IPL

20.1 %

Rahman et al.
[202], 2018

Copper Oxide NPs on glass
(spin coated*)

cw laser (532 nm) 17.6 %

Hernandez-
Castaneda
et al. [203],
2020

Copper NPs on PET
(screen printed*)

cw laser (808 nm) and
pulsed laser (523 nm)

3.8 %
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2.3 Conclusion and questions to address

The use of a pulsed laser to successfully sinter metallic nanoparticles raised questions such
as how to deliver the precise amount of energy to encourage sintering and not vaporise the
nanoparticles through ablation. The process of pulsed laser sintering has been successfully
performed on substrates which can withstand high temperatures such as glass and polyimide
(Tg ≈ 1200 °C and ≈ 400 °C respectively), but not on thermo-sensitive substrates. Intense
pulsed light (IPL) sintering has proven successful on thermo-sensitive substrates mainly
due to the short pulse duration which restrict the energy irradiated to the printed conductive
pattern, thereby protecting the substrate from excessive heat accumulation and thermal
damage. In theory, IPL and laser sintering are methods of photonic sintering, with the only
difference being in the emission area. IPL sintering has a much larger area and can sinter
parts quicker and on larger scale, suitable for high-throughput manufacturing processes.
Laser sintering, on the contrary, has a much smaller emission area and can precisely control
the deposition of the emitted radiation, which highlights the possibility of selective sintering.

Pulsed lasers have been used for laser micro-machining of minuscule features such as
a fine line width in which a metallic nanoink can be deposited by inkjet printing, but there
have been no reports of the use of pulsed lasers for the sintering of inkjet printed patterns on
thermo-sensitive substrates. The work by Joo et al. [200] opens ground for investigation as
they report the pulsed laser sintering, under reduced atmosphere, of screen-printed copper
paste on a heat resistant substrate (in their report, polyimide) by avoiding laser ablation levels.
Prior to the ablation threshold, the irradiated energy from a pulsed laser can be used as a heat
treatment process similar to cw laser irradiation, given that the energy in a pulse matches the
energy required to initiate sintering in a metallic nanoink. Despite the inherent difference in
the principle of operation of a cw and pulsed laser, the use of radiation to initiate sintering
has proven to be successful. Continuous wave lasers have proven to cause damage to the
substrate and an equivalent heat affected zone due to the inability of the substrate to dissipate
the thermal energy during the irradiation process. With pulsed laser, since the output of the
irradiation is repeatedly switched ON/OFF, the damage to the substrate may be minimised
during the irradiation process.

The top-down approach to sintering via lasers (Figure 2.11(b)), as compared to the
bottom-up approach via conventional thermal sintering (Figure 2.11(a)) may also prompt the
reflection into a change in the mechanical and electrical properties of the printed features.
Incomplete sintering via a top-down approach has proven to have adverse effects on the
adhesion of the samples to the substrates, as reported by Niittynen et al. [181]. Consequently,
this top-down approach of laser sintering may have similar adverse effects on the electrical
properties of the samples.
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The research hypothesis as a result of the literature survey is as follows:

Can pulsed laser sintering of inkjet-printed metallic nanoparticle inks in the form
of thin films be done on a thermo-sensitive substrate without causing ablation? If it
is possible, then what are the implications on the substrate, and the mechanical and
electrical properties of the thin film following irradiation?

Fig. 2.11 Illustration of the (a) bottom-up approach of conventional thermal sintering (e.g.
using a hotplate); and (b) the top-down approach of laser sintering, with the graph showing
the region of interest for sintering prior to ablation.





Chapter 3

Combining Inkjet Printing and Pulsed
Laser Sintering

Summary

This chapter describes the methodology used throughout this research to enable the investiga-
tion of combining inkjet printing with pulsed laser sintering to produce printed electronics.
As printed electronics can be produced on a variety of substrates for different applications, a
wide variety of materials are investigated for inkjet deposition using functional inks. The
relevant properties of these materials are described in detail, followed by the constituents of
the functional inks used for inkjet printing.

Additionally, the inkjet printing process is described in more detail with the aim of
achieving the best resolution as well as the optimum performance of the pattern. The droplet
formation process is further elaborated upon based on the prior literature described in Section
2.1.3. Then, the laser system used for the pulsed laser sintering process is further detailed,
particularly due to the bespoke configuration of the system, and the laser sintering parameter
variation is explained.

Finally, the last section of this chapter covers the analytical approach of characterising
the samples, with a particular focus on the custom-built testing rigs such as the four-point
probe station to evaluate the conductivity of the samples, and the cross-cutter based on the
ASTM F1842-15 standard to evaluate the adhesion of the printed samples to the substrate.
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3.1 Materials

Throughout this research, four different substrates were used to demonstrate different ap-
plications of the inkjet printing process. The thermal and mechanical properties of these
substrates are detailed in Table 3.1 below. The first substrate is a standard laboratory glass
slide which has a rigid, smooth and non-porous surface; the second is a polymer film made
out of polyimide which has a flexible and non-porous surface; the third a similar polymer
film made out of polyethylene terephthalate which exhibits flexibility and non-porosity; and
the last substrate is specially designed out of 250 gsm paper with a thin resin hydrophilic
polymer coating to improve surface coating adhesion. All samples, except for paper, were
prepared first by a deionised water rinsing process followed by another rinse with acetone,
and finally dried under a flow of clean air.

Table 3.1 List of relevant properties of the different substrates used throughout the experiment.

Substrate Manufacturer Thickness
(mm)

Glass transition
temperature, Tg

(°C)

Thermal
conductivity
(Wm−1K−1)

Glass Academy 1.0 – 1.2 1,200 0.8 – 1.0

Polyimide (PI) DuPontTM Kapton© 0.125 400 0.12

Polyethylene
terephthalate
(PET)

Goodfellow 0.35 80 0.15 – 0.40

Paper Hewlett-Packard 0.40 – –

As the substrates were used during pulsed laser sintering at 905 nm, the absorption of
the irradiation must be addressed. Several research outputs have investigated the effects
of irradiation on the substrates used throughout this research, and it was found that the
absorption spectrum of the substrates are less than 0.2 a.u in the 905 nm range for glass
[204, 205], polyimide [206, 207], PET [208] and paper [209, 210].

Five different types of functional inks were investigated at different stages. As they
constitute a functional element, either of a conductive or an insulative nature, the post-printing
process differs due the composition of the ink. Table 3.2 shows the relevant properties of each
ink used in this research. In the case of conductive inks, the sintering process was performed
based on either the manufacturer’s specifications, or, when unspecified, the analysis of the
constituents of the ink to determine a starting range for sintering in terms of temperature and
duration.



3.1 Materials 53
Ta

bl
e

3.
2

D
et

ai
ls

of
re

le
va

nt
pr

op
er

tie
s

of
th

e
di

ff
er

en
ti

nk
s

us
ed

th
ro

ug
ho

ut
th

e
re

se
ar

ch
.

In
k

V
is

co
si

ty
(c

P
)

Pa
rt

ic
le

co
nt

en
t

(w
t.

%
)

Su
rf

ac
e

te
ns

io
n

(m
N

m
−

1 )

R
ec

om
m

en
de

d
si

nt
er

in
g

te
m

pe
ra

tu
re

(°
C

)

R
ec

om
m

en
de

d
si

nt
er

in
g

du
ra

tio
n

(m
in

)

M
an

uf
ac

tu
re

r

A
gN

Ps
18

at
20

°C
30

–
35

35
at

20
°C

15
0

30
Si

gm
a-

A
ld

ri
ch

(n
o.

73
64

65
)

A
gM

O
D

4.
04

at
20

°C
40

30
.2

at
20

°C
14

0
5

St
re

m
C

he
m

ic
al

s
(n

o.
68

68
3-

18
-1

)

R
SI

12
at

20
°C

12
–

14
28

.4
at

20
°C

80
15

Si
gm

a-
A

ld
ri

ch
(n

o.
74

57
07

)

C
uN

Ps
22

at
25

°C
35

–
37

35
.2

at
20

°C
–
∗1

–
∗1

D
yc

ot
ec

M
at

er
ia

ls
(D

M
-C

U
I-

50
01

)

In
su

la
to

r
16

at
40

°C
–

34
–

36
at

40
°C

–
∗2

–
∗2

D
yc

ot
ec

M
at

er
ia

ls
(D

M
-I

N
I-

70
03

)

∗1 :T
he

re
co

m
m

en
de

d
si

nt
er

in
g

te
m

pe
ra

tu
re

an
d

du
ra

tio
n

ca
nn

ot
be

sp
ec

ifi
ed

as
th

e
in

k
is

sp
ec

ia
lly

de
si

gn
ed

fo
rfl

as
h

si
nt

er
in

g.
∗2 :T

he
re

co
m

m
en

de
d

si
nt

er
in

g
te

m
pe

ra
tu

re
an

d
du

ra
tio

n
ca

nn
ot

be
sp

ec
ifi

ed
as

th
e

in
k

is
sp

ec
ia

lly
de

si
gn

ed
fo

rU
V

cu
ri

ng
.



54 Combining Inkjet Printing and Pulsed Laser Sintering

The first ink is the silver nanoparticle-based (NPs) ink which was purchased from a
commercial supplier, Sigma-Aldrich (product no. 736465). It contains 30−35 wt.% of silver
nanoparticles of a particle size of less than 50 nm dispersed in triethylene glycol monomethyl
ether. The ink has a matt grey colour, with a tint of yellow from the triethylene glycol. The
viscosity of the ink was measured to be 18 cP and surface tension of 35 mN/m at 20 °C,
which was the room temperature during printing.

The second ink, the silver neodecanoate metallorganic decomposition (MOD) ink was
prepared by dissolving 40 wt.% silver neodecanoate (68683-18-1, Strem Chemicals) into
p-xylene (296333, Sigma-Aldrich). The mixture was constantly stirred for 60 min until all
the silver had dissolved in the solvent. The ink was colourless as it is a solution. Further
analysis of the ink revealed the viscosity to be 4.04 cP and surface tension of 30.2 mN/m at
20 °C.

The third ink, the reactive silver ink (RSI) was also purchased from a commercial supplier
on special order (745707, Sigma-Aldrich). It is formulated by dissolving silver acetate into
an amine solution and diluted with formic acid. The resultant mixture appeared slightly
yellow due to the presence of the amine complex. Further analysis showed that the silver has
a loading of 12−14 wt.% and a viscosity of 10−12 cP and surface tension of 28.4 mN/m
at room temperature [211].

The fourth ink is an experimental copper nanoparticle-based ink which was developed by
a commercial supplier (Dycotec Materials Ltd.) specially for flash sintering processes. It
contains 35 – 37 wt.% of copper nanoparticle stabilised in a mixture of diethylene glycol
monoethyl ether and benzyl alcohol. The ink has a matt brown colour from the copper
nanoparticle. The viscosity of the ink measured 22 cP at 25 °C and surface tension of 35.2
mN/m.

The final ink, the insulator, was also purchased from the same supplier (Dycotec Materials
Ltd.) and was specially designed for inkjet printing applications as well as providing a smooth,
hydrophilic surface for overprints using other types of inks from the same supplier. However,
the insulator ink needed to be heated to 40 °C to be succesfully printed, and as such the
viscosity of the ink measured 16 cP at 40 °C and surface tension of 35 mN/m.

Prior to filling the reservoirs for inkjet-printing, the inks were filtered using a 0.20 µm
PTFE filter to eliminate the presence of potential contaminants which may clog the nozzle.
The silver MOD and reactive silver inks both appeared to be light-sensitive, so they were
filled in reservoirs which were coated with a light-repellent adhesive tape on the external
surface to prevent degradation.
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3.1.1 Substrate compatibility

There are some additional factors which need to be considered during the choice of printing
a functional ink on a substrate. One of the most important factors to consider is the substrate
compatibility with the heat treatment process. As a general rough indicator, the melting
point (Tm) of materials is used to determine whether the applied heat is a limiting factor.
However, in the case of polymers, the glass transition temperature (Tg) of the material is more
important as structural changes at a molecular level occur at this temperature. Polymers can
be amorphous or crystalline, with the main difference being in the molecular arrangement of
the molecules. Before heating, polymers remain in their glassy state which is generally rigid
and brittle before reaching Tg. Amorphous polymers have a randomised arrangement which
cause gradual softening as the applied temperature rises. Crystalline (or semi-crystalline)
polymers have a highly ordered arrangement which do not soften when heated and instead
have a defined melting point. The key difference between the glass transition temperature and
the melting point of the polymer is in the region in which it occurs – glass transition occurs
in the amorphous region, while melting occurs in the crystalline region. In the amorphous
region, the molecular chains begin sliding past one another in a disorderly fashion (softening)
until it reaches a rubbery state, while in the crystalline region the entire molecular chain flows
and separates through viscous flow (melting), as shown in Figure 3.1 below. For example,
polymers such as polyethylene terephthalate (PET) have a Tg around 80 °C, after which the
PET films deform plastically. The choice of the substrate must be done carefully to ensure its
mechanical, optical, and electrical properties remain unchanged during the heat treatment
process, particularly for printed electronics where polymers are preferred for their optical
clarity and flexibility.

Fig. 3.1 Representation of the change of state for an amorphous and semicrystalline material,
highlighting the glass transition temperature (Tg) and the melting temperature (Tm).
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3.2 Inkjet Printing

The droplet formation process was theoretically explained in the earlier section of Chapter
2.1.3, and this section elaborates on the waveform optimisation for the deposition process
using a piezoelectric printhead. Prior to this, a more detailed description of controlling each
waveform parameter such as applied voltage and pulse width is provided in this section,
which ultimately broadens the understanding of the droplet optimisation process.

3.2.1 Drop formation process and optimisation

The drop formation process is heavily influenced by the parameters (viscosity and surface
tension) mentioned earlier. In a drop-on-demand piezo-electric printhead, a drop is formed
by controlling the pressure wave formation inside the capillary tube. Within the inkjet
head, upon the application of an electric field the piezo-ceramic surface is deformed which
subsequently induces a pressure wave into the fluid and causes a droplet to be ejected [212].
The surface tension of the fluid normally prevents the drop from separating at the orifice,
hence the pressure wave is important to overcome but in a controlled manner. Figure 3.2
shows an illustration of the principle behind the pressure wave formation inside the glass
capillary tube upon deformation of the piezo-ceramic plate.

The applied voltage and the delay between each change in voltage play a significant
role in controlling the drop generation process. Upon application of a voltage, the piezo-
electric element expands outwards (Figure 3.2(a)) and a pressure wave travels in two opposite
directions (Figure 3.2(b)). When the wave arrives at the nozzle (the right end of the capillary
tube), it is conserved since the orifice is considered a closed end being a fraction of the
diameter of the glass capillary tube, based on Bogy’s acoustic wave theory [212]. On the
other end the wave travelling towards the reservoir is reflected as the reservoir acts as an
open end (Figure 3.2(c)) [212]. The moment that both pressure waves return to the centre
of the nozzle the piezo-electric actuator contracts (Figure 3.2(d)) and creates a compressive
pulse which propagates in phase and increases the amplitude of the reflected wave, thus
cancelling the returning wave. This enhanced compression wave causes the ejection of a
droplet from the nozzle orifice (Figure 3.2(e)). The design of printheads, particularly the
nozzle dimension, greatly influences the propagation and reflection of pressure waves inside
the capillary tube. After fine tuning the voltage and delay of the piezo-electric actuator, the
desired waveform (Figure 3.2, rightmost) can be achieved, resulting in a reliable droplet
ejection process.
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Fig. 3.2 [Left] Schematic of the acoustic wave propagation in a glass capillary used in a
piezo-electric drop-on-demand inkjet printer. [Right] Representation of the typical waveform
showing the effects of voltage and delay involved in the droplet ejection process, each
corresponding to the individual stages (a) – (e) from the illustrations.
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The characteristic waveform of a piezo-electric DOD actuator somewhat resembles a
trapezoid, as shown in Figure 3.3. The duration over which the voltage goes from zero to
V , is maintained, and drops from V to zero is called the voltage rise time (tr), the dwell
time (td), and the fall time (t f ) respectively. This duration (the pulse width) typically lasts a
few microseconds, and with the correct parameters corresponds to the formation of a single
droplet. As mentioned previously, the right balance between the applied voltage and the
delay allows a separate droplet to form.

Fig. 3.3 Typical waveform used for the generation of a droplet from a piezoelectric printhead.

A typical drop formation process is shown in Figure 3.4 below which is formed of a
series of sequences of images. Figure 3.4(a) is a typical representation of the early stages
of exploring the parameters for successfully obtaining a drop, as per the waveform used
in Figure 3.3 above. As a result of a single pulse, the typical diameter of a drop is about
the same as the diameter of the nozzle orifice. A considerably smaller drop can be formed
after further experimenting to find the optimum jetting parameters, as shown in Figure 3.4(b)
which shows the drop formation when oppositely directed triple pulses are used. Vn, Pn and
Dn are the applied voltage, duration of the applied voltage and the duration of the recovery
voltage respectively, and n is a representation of the various stages.

Initially, the pressure wave from inside the capillary causes a small volume of liquid to
be ejected, which forms a sphere due to the surface tension of the liquid [213]. This volume
remains attached to the nozzle by a “tail” which is highly affected by fluid viscosity and the
geometry of the nozzle. Eggers [214] found that highly viscous inks show long symmetric
tail shapes whereas moderately viscous inks form long asymmetric tails and low viscosity
inks show short tails. The tail elongates as the droplet falls and at a certain point necking
occurs and the tail separates from the main drop [215]. This is called the break-off point and
at this instance satellite drops can be formed, especially if the droplet has a higher velocity
than its tail. This is an example of the Rayleigh instability as the drops are initiated by the
surface tension driven capillary waves which have to overcome inertia and viscous effects.
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Fig. 3.4 Effects of controlling the applied voltage and duration of the applied voltage on the
drop formation process. The sequence of images in (a) represents the application of single
pulse of 46V and the effects on the drop formed, while (b) represents a detailed precise
control over the application of oppositely directed triple pulses and the corresponding effect
on a smaller drop formed. Scale bar is 500 µm for each image in the sequences, both for (a)
and (b).

Satellite drops also cause the formation of a secondary tail, which has been modelled by
Wijshoff [216]. The small secondary tail may eventually break up in even smaller droplets
which are dragged along the air flow induced by the firing sequence of the drops [217],
resulting in a fine “spray-like” effect. The satellite droplets have a smaller volume than
the main droplet, and hence have a larger velocity. As such, they can merge with the main
droplet, provided they are in the same line of travel. Upon merging, the combined droplet
oscillates and eventually stabilises into a stable spherical shaped drop.
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Figure 3.5 below shows the effects of varying the voltage and pulse width on the drop
formation process. When a large voltage is used to eject a droplet, this results in the formation
of a long tail as well as a droplet with a large ejection velocity, as shown in Figure 3.5(a). As
the voltage is reduced, the length of the tail is also reduced along with the ejection velocity.,
thereby minimising the possibility of satellite drop formation, as shown in Figure 3.5(b).
In Figure 3.5(c), a large pulse width is used to produce a droplet at an optimum voltage,
resulting in a large drop formation due to the additional volume. As the pulse width is also
optimised, an optimum droplet is formed with a smaller volume and smaller ejection velocity,
as shown in Figure 3.5(d).

Fig. 3.5 Effects of varying the applied voltage and pulse width of a piezoelectric printhead.
The high voltage used in (a) results in a long tail and high velocity of droplet ejection, and
(b) reducing the voltage results in a shorter tail and lower velocity. Snapshot (c) represents
a large drop due to a large pulse width, while (d) represents the optimum drop formation.
Scale bar is 100 µm.

Once the droplet has been formed, the time between ejection and deposition is crucial,
especially in a piezo-electric DOD system, as it affects the resolution of the printed pattern
through the placement accuracy in between subsequent droplet. Being a non-contact tech-
nique, the separation between the nozzle orifice and the substrate influences the time taken
for the droplet to reach the desired location on the target surface. The placement accuracy
can also vary because of drag from the surrounding atmospheric currents which can deflect
the drops from their desired trajectory. To avoid this undesirable effect, the stand-off distance
is usually set to the minimum, in the order of a few millimetres, depending on the droplet
velocity.
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3.2.2 Pattern resolution

The idea behind inkjet printing is to obtain narrow lines by using minuscule drops (drop
volume in picolitres), and this generally can be achieved using a printhead of a small nozzle
orifice and an optimised waveform to generate the drop. The geometry of the line resolution
is then determined by the separation of drops, a parameter known as the droplet spacing (DS).
In regular “at-home” inkjet terminology, when a user prints a document, the quality of the
features on the document is determined by the choice of “DPI” settings – i.e. the “dots per
inch”, instead of the droplet spacing. The user generally does not have much control other
than choosing between a print quality of draft, normal or best, with the difference being in
the DPI settings (starting from around 150 DPI for draft, 300 DPI for normal and increasing
up to 1200 DPI for best depending on the printer).

For applied inkjet printing, in contrast, there is much more control over this parameter
using droplet spacing (DS) instead of dots per inch (DPI). Figure 3.6 below is a representation
of how the droplet spacing affects the final resolution of a printed square pattern. The diameter
of the drop, d, remains unchanged while the droplet spacing is altered. As the drop spacing
decreases (illustration on the right), the drop density increases for the same area of deposition,
resulting in more material per unit area.

Fig. 3.6 Illustration of the effects of changing the droplet spacing (DS) on the density of drop
for printing a square array. The diameter of the drop, d, remains unchanged.

A small droplet spacing is advantageous when printing conductive inks as there is more
conductive material per unit area, which ensures a highly functional pattern. However, there
are limits as to what defines a pattern with a high resolution. The choice of droplet spacing
cannot be done randomly as the overlapping of drops can result in a variety of scenarios,
as described by Soltman and Subramanian [218]. Figure 3.7 represents the droplet spacing
optimisation process to yield a uniform track with an optimum resolution. As the droplet
spacing is decreased from Figure 3.7(a) - (d), the droplets on the pattern merge to form a
uniform smooth track with well-defined edges.
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Fig. 3.7 Effects of changing the drop spacing for a track. (a) represents individual drops,
(b) randomly merged drops, (c) scalloped track, and (d) uniform track. The droplet spacing
decreases from left to right. Scale bar is 50 µm.

When combined with a heated substrate, it is possible to print patterns with a high
resolution by printing additional layers. It is critical to ensure the layer underneath has been
pinned at the edges to prevent the overspreading due to the additional volume of ink from
the subsequent layers, which ensures a high aspect ratio (h/w, where h is height and w is
width) of the final pattern [219]. For functional inks of a conductive nature, the multiple
layers enable more pathways for the electrons to flow (in both latitude and longitude), further
consolidating the conductive electrical properties of the printed pattern. It is common to
print patterns of a minimum of two layers to ensure reliability, while four-layer patterns are
also favourable, although a compromise between optimum electrical functionality and an
increased cost of material and duration accompanied with printing four layers has to be made.
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3.3 Laser system

A pulsed laser sintering system was used to perform the laser sintering operation on the
nanoparticle-based inks. A pulsed laser diode system from Laser Components Ltd. was
purchased as it has a much smaller footprint and can hence be adapted to the printing system,
with the aim of using the x-y stage to control the irradiation pattern. The diode material
is made out of AlGaAs (Aluminium Gallium Arsenide) and the wavelength of the emitted
radiation is in the near infrared (NIR) region, with 905 nm at peak radiant intensity, with a
minimum and maximum of 895 nm and 915 nm respectively. The peak power emitted from
the diode is 75 W and this can be achieved by very precise control of the pulsing parameters,
and through a stacked combination. The supplied diodes are triple junction devices, each
junction emitting up to 25 W of peak power at Ith = 35 A. The emitting area is confined to
235×10 µm2 with a beam spread of 12° parallel to the junction plane, and 20° perpendicular
to the junction plane at 50 % peak intensity. However, the emitting area is further collimated
by using a combination of aspheric and achromatic lenses, which reduce the beam dimension
to 200×15 µm2, ensuring the irradiated beam spread is reduced minimally and focussed on
the sample.

First, an aspheric lens is used to collimate the beam without introducing spherical
aberration into the transmitted waveform. To achieve perfect collimation, the separation
between the output of the diode and the aspheric lens was controlled by using a 19.1 mm
sliding cage plate with a 100 TPI (threads per inch) fine adjuster. Once the laser beam is
collimated into parallel rays, a shortpass dichroic mirror placed at a 45° angle redirects
the beam onto the x-y stage. Dichroic mirrors spectrally separate light by transmitting
and reflecting light as a function of the wavelength. Shortpass dichroic mirrors are highly
transmissive below the cutoff wavelength and highly reflective above it, and in this case the
mirror has a cutoff wavelength of 650 nm, providing > 85 % absolute transmission between
400−633 nm and > 90 % absolute reflection between 685−1600 nm.

Finally, a 20X microscope objective with a working distance of 8.80 mm is used to focus
the laser beam to yield a higher on-target power density for optimum efficiency during
sintering. A 5 megapixel CMOS image sensor (Basler AG) is used to capture the image
of the sample under irradiation once collimated by another achromatic doublet lens, thus
bringing the source image into focus at the CMOS sensor. The sensor has an active area of
5.70×4.78 mm2, and the focal length of the zoom lens is 50.2 mm. Altogether, it provides
a viewing area of approximately 10×8 mm2. The CMOS sensor can control the aperture
and exposure, and at the same time capture at 30 frames per second, thereby enabling the
irradiation process to be monitored “live”.
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Fig. 3.8 (a) Illustration of the custom-built 905nm pulsed laser sintering system showing the
key components. The printed pattern is placed on a fast-scanning x-y stage. (b) represents
the “snake scanning” approach for laser sintering of the printed pattern, highlighting the
importance of fine tuning the overlap between each sintered row (dss).

Due to the small rectangular spot size of the laser, a “snake scanning” approach (Figure
3.8) was used to sinter the patterns as a single lengthwise pass did not cover the entire area
of the printed pattern. Due to the scanning approach, the overlap between each sintered row
(dss) is critical to ensure a continuously sintered pattern, hence the overlap percentage was
also varied to determine the optimum overlap without leaving unsintered regions.

The overlap of the pulse was calculated from the area of beam profile between the
separation of the two adjacent “rows”, dss, and quoted as a percentage based on the total area
of the beam, as shown in Figure 3.9 below. The percentage of overlap was varied from 5
%, 15 %, and 30 %. A script was written to calculate the overlap percentage based on the
total area superimposed (Appendix A.1) and fed back into the programming software for the
pulsed laser sintering process, as shown in Figure 3.10.

Fig. 3.9 Illustration of the variation of the pulse overlap between adjacent “rows”.
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Fig. 3.10 Snapshot of the graphical user interface used for programming the laser sintering
pattern.

The pulse parameters of the laser were varied in terms of pulse width and repetition rate,
while the emitting current was maintained at 25 A. The variation in terms of pulse width
and repetition rate had a direct impact on the laser pulse energy per effective focal spot area,
i.e. the fluence. The variation in laser fluence strongly affects the sintering process for the
nanoparticles due to the amount of radiation absorbed in the material during the interaction.

A schematic of the custom-built pulsed laser sintering station is shown in Figure 3.11. A
more detailed rendered CAD model of the laser sintering system is included in Appendix
A.2.



66 Combining Inkjet Printing and Pulsed Laser Sintering

Fig. 3.11 A schematic of the custom-built pulsed laser sintering station.

Table 3.3 and 3.4 below shows the range of laser sintering parameters investigated during
the experiments as a variation of pulse width. The diode has a maximum rated duty cycle of
0.25 %, hence this was the limiting factor of irradiation as exceeding this value would result
in permanent damage of the diode, and the maximum fluence values are highlighted in red.
The variation of pulse width directly increased the amount of energy delivered in the pulse,
while the variation of repetition rate increased the frequency of the pulse delivery, and hence
the average power delivered.

The AlGaAs semiconductor laser diode comes in a 5.6 mm hermetically sealed TO can
housing to ensure reliability, precise chip alignment, and passive cooling during irradiation.
The optical output power as a function of the applied forward current in the diode can be
seen in Appendix A.3.
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3.4 Analytical methods

This section covers the analytical tools and methods used to quantify the performance of the
samples both from a quantitative and qualitative perspective. Numerous pieces of equipment
are described, including the make & model, as well as any prior treatment performed before
analysis.

3.4.1 Rheology: Viscometer and Circulation bath

The viscosity of the measured inks was quantified using the SV-1A viscometer by A&D
Company Ltd, as shown in Figure 3.12. The viscometer consists of two oscillating paddles
driven in opposing directions which measures the viscosity of the fluid through the tuning-fork
measurement technique. In this technique, the plates are vibrated at a controlled frequency
required to maintain a uniform displacement caused by the viscidity between the fluid and the
sensor plates. Prior to the measurement of the inks, a two-point calibration was performed
to ensure consistency between the results. Two fluids of known viscosity at a particular
temperature were used, namely distilled water (0.8891 mPa · s at 25 °C) and a viscosity
standard fluid (Paragon scientific) (0.2950 mPa · s at 25 °C). The temperature of the fluid was
controlled by using a heated circulating water bath (Grant Optima TXF200) surrounding the
ink reservoir jacket.

Fig. 3.12 A snapshot of the SV-1A viscometer and the circulating bath used for viscosity
measurements.



70 Combining Inkjet Printing and Pulsed Laser Sintering

3.4.2 Contact angle

The contact angle of the ink on the substrate was measured using the JetLab jetting station,
with a micro-syringe attached. The back pressure was controlled using the built-in vacuum
pump, and the droplet wetting process was visualised using the Thorlabs DCC1545M CMOS
sensor fitted with a zoom lens. The Thorcam software was used to capture the image,
followed by the measurement of the contact angle using an ellipse best-fit, as shown in Figure
3.13 below.

Fig. 3.13 A snapshot of the jetting station with a micro-syringe attached, and the relevant
measurement window showing the contact angle measurement process.

3.4.3 Atomic Force Microscopy

The thickness of the printed samples was evaluated using atomic force microscopy (Nanoscope
IV – TM-AFM, Bruker Inc., Kroto Research Institute) as shown in Figure 3.14 under the
tapping mode technique which limits the chances of contamination of the tip from foreign
substances such as unsintered nanoparticles, ablated nanoparticle patches, or simple dust par-
ticles. The longitudinal deflection resolution of the probe can detect instances as minuscule
as a few nm in height. The lateral and vertical deflection of the cantilever is measured by
using an optical lever which reflects a laser beam off the cantilever. The reflected laser beam
is then captured on a position-sensitive photodetector which calculates the position of the
laser spot, and hence the angular deflection of the cantilever.
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Fig. 3.14 (a) A snapshot of the AFM used to quantify the thickness of the samples, and (b)
the output of the analysis.

3.4.4 Spectrophotometry

To gain a more thorough understanding of the laser sintering of both the silver and copper
NPs ink used throughout this experiment, the optical absorption spectrum of both inks was
quantified in the ultraviolet (UV), Visible light (Vis) and near infrared (NIR) range, i.e.
from 240 nm – 2500 nm inclusive. These were performed with highly diluted doses down
to 0.01 wt.% of both inks in their subsequent solvent (diethylene glycol) due to the high
concentration of nanoparticles, and a small sample of the diluted ink (4mL) was deposited
in a cuvette which was irradiated. Two distinct pieces of equipment were used (for UV-Vis:
Cary50, Agilent Technologies Inc.; and for NIR: NIRQuest 2500, Ocean Optics Inc.) due to
the limited range of measurements. UV-Vis and NIR measurements were carried out using
an integration time of 10 ms, taking 10 scans to average.

3.4.5 Scanning Electron Microscopy

Scanning electron microscopy was used to obtain a closer analysis of the surface of the
samples with an inspection window of a few µm2. The SEM imaging facility at the Sorby
Centre for Electron microscopy (Kroto Research Institute) was used. The samples, as they
were conductive, required a 10 nm carbon coating and the addition of silver paint around the
edges of the substrate to avoid excessive charge. A low electron acceleration voltage of 2 kV
was used to produce a high resolution contrasting image.
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Once imaged, the analysis of the SEM images include simple void analysis where a
set of images at different locations on a sample with the same imaging parameters are
inspected for voids, particularly to understand the sintering process of nanoparticle-based
inks. Additionally, the heat-affected zone formation was quantified using digital imaging
software to highlight regions of interest where the laser was pulsed, namely regions of partial
or complete sintering along with the corresponding heat affected zone, if any. A look-up
table (LUT) filter was applied based on the threshold brightness and contrast of all the images
to aid in the calculation of the heat affected zone – the LUT converts each individual pixel
based on its colour value and returns a new colour value based on the type of filter used
(in this case, mpl-viridis). Figure 3.15 below shows an example of the LUT filter used to
highlight the region treated with the laser to aid in the calculation of the HAZ.

Once the filter was applied, the particles corresponding to a range of values above a
threshold set by the image background was used to evaluate the treated area. The determina-
tion between partial and complete sintering was done based on the critical evaluation by the
user upon comparison with the effective irradiated area of the laser beam (200×15 µm2).
For example, in the Figure 3.15 below, the irradiated area is determined to only be partially
sintered at only 30 %, while a completely sintered area would equate the geometry of the
collimated laser beam. Higher values of irradiated area could cause damage to the printed
layer or to the substrate, or a combination of both, and would indicate a formation of a HAZ
which was also measured based on the size of the plume.

Fig. 3.15 Snapshot of the application of the LUT image processing filter (mpl-viridis) used
to highlight the region of interest, in this case the partially sintered pattern after pulsed laser
irradiation. Figure (a) shows the SEM image as captured, (b) shows the calculation step based
on the ROI, and (c) shows the similar image after image processing. The copper nanoparticle
layer is printed on paper.
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3.4.6 Conductivity comparison

The electrical conductivity of the printed functional inks was used as a measure of success
following the thermal sintering/curing process using the four-point probe method. By using
four probes – two as source leads to supply the test current and the other two as sense leads
to measure the voltage difference across the samples under test – it eliminates any systematic
error of resistance due to the leads or contact between the probes and the sample. A custom-
built four-point probe system was used for the precise measurement of the conductivity of
the samples made out of silver. The probes were made out of gold-coated tubular barrel
which was spring-loaded. They were connected to a four-terminal resistance meter (Applent
Instruments Ltd.) and calibrated using known conductivity values from gold samples to
eliminate any stray impedance within the leads. Figure 3.16 below shows a snapshot of the
four-point probe test station, and technical details of the probes.

Fig. 3.16 A snapshot of the custom-built four-point probe test station used to quantify the
conductivity of the samples, and technical specifications of the probes.

The four-point probe was mounted on a motorised test station to prevent any scratches to
the test surface during measurement by the user. The test station allowed the four probes to be
lowered in a controlled manner until contact was made with the sample, thereby preventing
an excessive downward actuating force which could penetrate or damage the ink coating, or
the substrate. As the probes were spring-loaded, the recommended actuating distance was
1.35 mm to ensure reliable contact was made with the sample to record a conductivity value.
The contact location of the probes onto the surface was also controlled by fine tuning knobs
in the x-y axis of the stage where the substrate was attached during testing.
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A rendered CAD model of the four-point probe test station can be found in Appendix A.4.

The sheet resistance, Rs, of the samples can be calculated using the following Equation
3.1:

Rs = 4.532 × V
I

(3.1)

where “V ” is the voltage and “I” is the current measured across the samples, and provided
the following conditions are met:

(i) the spacing between the probes must be constant;

(ii) the thickness of the film being tested is less than 40% of the probe spacing;

(iii) the edges of the film are more than 4 times the spacing distance from the measurement
point.

The derivation of the above Equation 3.1 can be found in Appendix A.5.

The sheet resistivity, ρs, can then simply be calculated by multiplying the sheet resistance
by the thickness, t, of the printed pattern as shown in the following Equation 3.2, and the sheet
resistivity value can be compared to the bulk resistivity value of silver (1.59×10−8

Ω ·m)
and copper (1.72×10−8

Ω ·m).

ρs = Rs × t (3.2)
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3.4.7 The ASTM F1842-15 Cross-cut test

The adhesion of the samples was tested according to the ASTM F1842-15 standard using
scotch tape. It is a standardised test method for determining the ink adhesion on substrates
for printed electronic devices [220], and it is based on the ASTM D3359 standard [221]. The
ASTM standard F1842-15 described the apparatus required for the testing the adhesion of
an ink on flexible substrates for printed electronics applications. The specification for the
cutting tool, described as a multi-blade cutter (or cross-cutter) are extracted as follows:

(i) The blade angle must be between 15 – 30°;

(ii) The cutter must perform 6 cuts at once;

(iii) The blade spacing must be maintained 2 mm apart;

(iv) The cutting edges must be in good condition.

With these specifications, a multi-blade cutter can be easily purchased (or manufactured
to specifications) from online retailers. However, there is no mention of the type of material
which can be used for the blades, which in turn reflects on the durability of the cutter. This
can potentially affect the last specification “the cutting edges must be in good condition” as
the sharpness of the blades can suffer after multiple uses due to the formation of micro-cracks
or micro-indentations along the blade profile, resulting in bluntness.

A multi-cutter was purchased from an online retailer which satisfied the four specifications
mentioned earlier. However, the cutting edge of the blades deteriorated after multiple uses due
to the “blade softness” or ductility of the material, which eventually led to inaccurate results.
Figure 3.17(a) below is a snapshot of the multi-blade cutter. After a series of tests performed
according to the procedure, the edge of the blade was found to have significantly deteriorated
as shown in Figure 3.17(b). The blade edge deterioration resulted in the excessive removal
of printed material from the substrate. At this stage, the validity of the adhesion test was
questionable, and it was futile to regrind the edges to the correct alignment (shown in Figure
3.17(a), solid red line) as the spacing of the blades would increase and the planar alignment
would be offset.

The ASTM F1842-15 standard is based on the existing D3359 test method, which is a
similar test in terms of procedure and equipment required, with the only difference being in
the thickness of the test specimens which can be used for printed electronics applications. In
the D3359 methodology which describes the cross-cut tape test, the cutting tool mentioned
in Section 10.1 can also be a sharp razor blade, scalpel or knife, as long as the blade angle is
between 15 – 30° [221].
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Fig. 3.17 Snapshot of the multi-blade cutter purchased from an online retailer, highlighting
(a) the alignment of all the cutting edge of the blades (solid red line) and the blade angle of θ

= 30° (yellow line), and (b) deterioration of the cutting edge due to the softness of the blade
(dashed red circle). The white scale bar in (a) is 2 mm.

In order to conform to the testing standard, this section will describe the design and
fabrication of an in-house cross-cutter made with scalpel blades. The selection of scalpel
blades was made due to their precise blade angle, and the easy swappable nature of replacing
the blades if they no longer satisfied the specifications due to misuse, or wear and tear. The
design of the scalpel cutter is shown in Figure 3.18 below and consists of six scalpel blades
separated by 2 mm. The blade angle was measured and was found to be 20.6 ± 0.1°, hence
satisfying all four criteria for the cross-cutter testing apparatus.

Fig. 3.18 Illustration of rendered 3D model of cross-cutter, showing the mechanism used to
maintain a 2 mm separation between the 6 scalpel blades, and the detailed-view inset showing
the measurement of the blade angle with θ = 20.6°. The scale bar in the inset is 2 mm.

The testing procedure relies on the precise alignment and contact of all six blades to the
test surface to ensure a continuous cut was placed across the testing surface, as specified
in Section 11.1 of the D3359 standard. The design of the handle contained an alignment
plate (Figure 3.19) which was used to apply a uniform pressure over the surface of all six
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blades, thereby ensuring the aligned downwards displacement of the blades during the testing
procedure. The alignment plate is actuated using a spring mechanism to allow the blades to
maintain an aligned state at rest.

Fig. 3.19 Actual snapshot of the in-house, 3D printed and assembled cross-cutter, highlighting
the alignment plate used to maintain the planar alignment of the blades, and the spring
mechanism to ensure a constant pressure is applied during the testing procedure.

The scalpel blades were mounted in a jig (Figure 3.19) which was used to maintain
the spacing of the blades at 2 mm apart when compacted together inside the handle. An
M5×25 mm bolt was used to tighten the mechanism together with all the components. All
the components, except the blades, spring and fastener were 3D printed using an extrusion
printer (Anet A8 using /01.75 mm filament) with a 0.40 mm extruder nozzle, allowing to
precise features down to 0.10 mm to be printed. The high precision ensured the printed
components conformed to the modelled specification and precision, thereby eliminating
manufacturing imperfections. A full technical assembly drawing of the cross-cutter can be
found in Appendix A.6 which details the overall dimensions of the design and the exploded
view highlighting the fit of all the components together.

Testing procedure

The procedure begins by brushing the blades to remove any debris, followed by cutting into
the test sample in a straight line. The sample is then brushed off for any loose particles which
may have been removed from the surface, and a second identical cut is placed, perpendicular
to the first, to achieve a grid pattern. Similarly, the surface is brushed followed by the
application of an adhesive tape to the cut sample, ensuring good contact is made with the
specimen. After 90 seconds, the tape is removed by steadily peeling it off back upon itself
as close to a 180° angle as possible. The grid area is then inspected and compared against
the standard. Figure 3.20 below represents the procedure for the cross-cut test, and the
cross-cutter used for this experiment.
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The tape (product number Scotch 810-25) used throughout this experiment was purchased
from the 3M company. The adhesive specification for the tape, which was mentioned in the
ISO 2409 standard, indicates the peel strength must be between 6N −10N per25 mm [222],
and the tape chosen for an experiment must be from the same batch and conform to some
specifications such as the peel strength. Based on the data provided from the supplier, the
peel strength of the tape measured 6.5 N per 25mm. Additionally, the thickness and width of
the tape are 0.05 mm and 19 mm, respectively, and it has a clear transparent colour which
allows for the precise placement of the adhesive on top of the printed pattern. The application
of the tape first begins with discarding one lap of tape around the roll to ensure reliability of
the tape performance, followed by cutting a length of 30 mm from the roll and immediately
placing the centre on the printed square surface. The tape is then firmly pressed onto the
surface, and after 90 seconds, the tape is peeled in a steady rate as depicted in Figure 3.20,
Step 2.

Fig. 3.20 Illustration of the cross-cut procedure, showing the in-house fabricated cutter used
to maintain a 2 mm separation between the blades, and the 3-step process of evaluating the
adhesion of the printed sample.
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Adhesion classification: A digital perspective

The evaluation procedure after the cross-cut test is performed simply involves an inspection
of the grid area of the cut sample, and a comparison with the standard test results table from
Figure 3.21. The scale provides a classification of the adhesion level based on the amount of
detached material (i.e. flaking) and the detached area.

Fig. 3.21 Classification of the different adhesion levels as a result of the cross-cut test. The
table has been adapted from reference [222] with permissions.

The classification of the results from Figure 3.21 introduces a relatively large margin
for classifying the adhesion of the sample simply based on the subjective evaluation of the
user. This can introduce some form of bias and inaccuracies due to human error. Lukacs
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et al. [223] recently elaborated on the evaluation of the cross-cut tape test and explained
the subjective bias in sampling the results due to human error. In their research output they
compared results obtained from different individuals and found that the classification of
the adhesion results in the mid-range was subjective and varied across different individuals.
As a solution, they introduced an image processing software to evaluate the sample, which
eventually eliminates the human bias and provides a more rigorous, systematic evaluation
procedure.

The use of an image processing software to calculate the detached area can be done in a
simple three-step process as shown in Figure 3.22 below. First, the image is imported and
cropped according to the region of interest (ROI) in a monochrome format to allow for the
optimal threshold to be adjusted. The threshold process can be done automatically through
the software which uses the “IsoData” threshold calculation approach, implemented from
the research output from Ridler and Calvard [224]. The procedure separates the image into
an object and background based on an initial threshold value, followed by computing the
average of the pixels at or below the threshold value, and the pixel above are computed. This
iterative approach is repeated until the threshold is larger than the composite average. Next,
the highlighted area is calculated, which reports the detached area based on the ROI. This
detached area value is then used to classify the adhesion of the sample. This methodology
provided an unbiased and a more systematic and reliable assessment of the adhesion.
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Fig. 3.22 Snapshot of the 3-step process of evaluating the detached area of the grid after the
tape has been peeled off, starting with (a) importing the image, (b) cropping and converting to
a monochrome picture, (c) adjusting the threshold to distinguish from the darker and lighter
area, and (d) representation of the detached area.





Chapter 4

Setting the baseline using conventional
methods

Summary

In this chapter, a baseline for future comparison is set through experimental methods. A
variety of silver inks of different compositions are inkjet-printed and converted to conductive
features using conventional sintering via a hotplate. Three unique silver inks were tested,
including a nanoparticle-based (NPs) suspension ink; a metallorganic decomposition (MOD)
solution-based ink composed in-house using silver neodecanoate dissolved in a solvent;
and a reactive silver ink, composed of silver acetate dissolved in an amine solution. The
heat treatment process was determined to be optimised for each ink when the electrical
performance did not exhibit any drastic changes.

The variation of the chemical composition of the inks was necessary to highlight the
influence of particle or crystal size on the electrical performance of the printed patterns. The
porosity and the particle size distribution were quantified, and this was used to correlate to the
conductivity of the samples. It was found that the silver MOD ink was the most conductive at
30.7 % bulk conductivity, although it was the most porous at 31.08 % porosity. The reactive
silver ink could be cured at a lower temperature of 120 °C and achieved only 12.2 % bulk
conductivity and 6.13 % porosity. The best overall performance ink was the silver NPs ink
with a bulk conductivity of 24.5 % and porosity of only 2.8 %.

Manuscript in preparation: (1) Beedasy, V.; Lin, J.; Smith, P.J. Comparison of silver ink
formulations and their electrical performance with morphology after flash thermal sintering,
2021.
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A comparison of different silver ink formulations and the relation of their
electrical performance with morphology after flash thermal sintering

In this chapter, the term “sintering” and “curing” is used alternatively as they refer to the heat
treatment process, but they are inherently dissimilar processes. When applied to powders,
in this case of a metallic nature, the term sintering is used to describe the heat treatment
process which causes the powder to agglomerate into a bulk material via diffusion amongst
the particles. Curing, on the other hand, is a heat treatment process which is responsible
for accelerating a chemical process and is more commonly used in the context of liquids or
polymeric materials and composites. As such, the term “sintering” is used to refer to the heat
treatment of the silver nanoparticle ink while “curing” is used to refer to the heat treatment
of the silver metallo-organic decomposition ink as well as the reactive silver ink.

4.1 Experimental - Conventional thermal sintering

4.1.1 Materials and methods

Substrates

Two thermally stable substrates were used in this experiment, including glass slides and
Kapton polyimide films (500HN, DuPontTM Kapton©), the details of which were also
provided in Section 3.1 on p. 52. The sample preparation involved a dionised water rinsing
process followed by another rinse with acetone, and finally dried under a flow of clean air.

Inkjet printing

The FUJIFILM Dimatix DMP-2831 printer was used for inkjet printing. The details of the
three silver ink used in this experiment were described in Section 3.1 on p. 53. As a summary,
the first ink is a silver nanoparticle-based (AgNPs) ink, the second a silver metallorganic
decomposition (AgMOD) ink, and the last a reactive silver ink (RSI). The printer was fitted
with cartridges capable of ejecting a droplet volume of 10 pL, and to ensure homogeneity a
single nozzle was used for the printing process. A heated bed of 35 °C was used to avoid
the spreading of the droplets on the substrate, and square patterns measuring 15×15 mm2

were printed. The droplet spacing was optimised for each ink through trial and error and was
maintained at 28 µm, ensuring comparable performance during analysis. Two layers of silver
ink were printed to obtain comparable results while not sacrificing printing time and volume
of ink.
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The printing parameters for each ink was optimised separately, and the optimal waveform
was found when an individual drop could be produced without satellites, ensuring repeatabil-
ity, as theoretically described in Section 3.2.1 on p. 57 The waveform for each ink is shown
in Figure 4.1 below along with the droplet formation process under the application of voltage.
The difference due to the ink properties such as viscosity and surface tension requires a more
elaborately composed waveform.

Fig. 4.1 (a) Optimised waveform for inkjet printing of the three different inks using the
FUJIFILM Dimatix DMP-2831 printer, and (b) a view of the optimised droplet from the
drop watcher. Note there is a slight delay of <1 µs from the application of a voltage to the
piezoelectric actuator and the change to the waveform. Scale bar in (b) is 100 µm.

Sintering

The sintering conditions for each ink was found through trial and error, using some supplier
information as a guideline. The optimum sintering condition was found when the best
electrical conductivity was achieved, and both the sample and substrate appeared to be
structurally viable.
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For the silver NPs, the sintering temperature was varied between 100 – 150 °C for 30 –
60 min according to the guidelines from the manufacturer. However, the range of sintering
temperature was increased up to 220 °C based on the previous literature survey which
indicated the capability of silver NPs to sinter at a higher temperature.

The silver MOD ink was mainly composed of p-xylene, which has a boiling point of 138
°C so the initial temperature of curing was set at 140 °C. This was done to ensure all the
solvent had evaporated, leaving behind the silver MOD salt crystals, which then decompose
to form conductive links throughout the printed pattern. The temperature was varied up to
200 °C. The duration of this process was also optimised, starting from 1 min up to 10 min.

The reactive silver ink was designed to be cured at low temperatures while still exhibiting
electrical performance equivalent to silver. An initial curing temperature of 80 °C was
selected, and this was gradually increased to 160 °C. The duration of the curing process was
varied between 4 – 15 min.

4.1.2 Characterisation

Electrical properties

The electrical conductivity of the printed samples was used as a measure of success following
the thermal sintering/curing process. As such, the conductivity was quantified using the
four-point probe method, the details of which is provided in Section 3.4.6 on p. 73. By using
four probes – two as source leads to supply the test current and the other two as sense leads
to measure the voltage difference across the samples under test – it eliminates any systematic
error of resistance due to the leads or contact between the probes and the sample.

Thickness

The thickness of the patterns was calculated based on the mass of the drops deposited on the
substrate and the remaining mass after evaporation. The density of each ink was measured
for a given mass, which was then used to calculate the thickness of the printed samples after
two layers. This value of thickness was then compared with the thickness obtained via atomic
force microscopy (Nanoscope IV – TM-AFM, Bruker Inc., Kroto Research Institute), the
details of which are provided in Section 3.4.3 on p. 70 and the profile of each pattern was
then plotted. The profile of the pattern was also used as an indication of the morphology of
the three inks after being optimally heat treated on the hotplate.
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Surface morphology

One sample for each ink which was optimally converted to conductive features was randomly
chosen for SEM analysis. The surface morphology of the samples was captured and, using
image processing, the void ratio was compared. The size, uniformity and coalesce of the
silver samples were also observed. The void ratios and the size of the nanoparticles were
directly derived from micrographs. The void ratio was determined by the ratio of area of
voids to total analysed area; the nanoparticle size was estimated from the mean diameter of
ten randomly chosen nanoparticles in the same image.

4.1.3 Results and discussion

Conductivity development of inkjet-printed silver inks

The results of optimising the conductivity of the printed silver inks for each type of ink
is shown in Figure 4.2 and 4.3 below. For the silver nanoparticles, the optimum sintering
conditions were actually found to be at 200 °C when sintered for 60 min, which was indicated
when the pattern changed from a matt grey to shiny silver. The improvement in conductivity is
significant in the first 30 min while the additional 30 min allowed an increase in conductivity
by almost an order of magnitude.

Fig. 4.2 Conductivity improvement as the temperature increases at optimum sintering time
for each ink, until a plateau is reached.
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Further analysis of the surface of the sintered silver NPs indicated significant neck
formation between the NPs, which explained the improvement in conductivity. In the first
stage of sintering, the application of thermal energy is used to first evaporate the solvent,
in this case triethylene glycol monomethyl ether, followed by the decomposition of the
nanoparticle stabilisers. This takes place beyond the flash point of the solvent (133 °C),
which indicated the onset of sintering. Once the stabilisers are eventually decomposed, the
nanoparticles are free to move once the thermal energy matches the activation energy of the
electrons, allowing for the surface diffusion of the smaller metallic atoms towards the larger
atoms, thereby forming a percolating network of NPs. It is at this stage that necks are formed
in the printed pattern. The additional thermal energy input in the system is then used for
the growth of necks, while simultaneously improving the sintering process through particle
migration. In this process, the thermal energy input matches the activation energy required to
agglomerate the larger atoms, thereby improving the centre-to-centre distance between the
neighbouring nanoparticles. It is only during this process that the porosity of the structure is
reduced while the density of the printed pattern is increased.

Fig. 4.3 Conductivity improvement as the duration of the sintering time increases for the
printed silver samples, at the optimum sintering temperature for each ink.

Figure 4.4 below shows a snapshot of the printed patterns before and after heat treatment
at the optimised sintering/curing time and temperature for each silver ink. The colour change
from the silver NPs ink went from matt grey to shiny silver; the MOD ink from cloudy to
silver; and the reactive silver ink from a yellow tint to silver.



4.1 Experimental - Conventional thermal sintering 89

Fig. 4.4 Snapshot of the silver NPs, silver MOD and reactive silver samples showing the
colour change before and after optimum heat treatment. The reactive silver ink, being rather
translucent when printed, is highlighted with the dashed square lines. The scale bars are all 5
mm.

The improvement in conductivity of the silver MOD samples was much faster as com-
pared to the metallic silver NPs ink as the optimum curing conditions were found to be at 200
°C for 5 min, at which point the pattern changed from cloudy silver to off-white/silver. As this
is a salt-based solution, the change in surface morphology was drastic as soon as the solvent
(in this case p-xylene) had evaporated, leaving behind the silver neodecanoate precipitation
which immediately decomposed to form conductive silver colloids. From Figure 4.3 above,
this process happened within a few minutes and any additional thermal energy input in the
pattern was used to reinforce the silver colloid network up to a limit.

Similarly, the reactive silver ink formed an immediate precipitate after the evaporation of
the solvent after a few minutes, as shown in Figure 4.3. In this case, the optimum sintering
conditions for the reactive silver ink was found to be within 10 min when cured at 120
°C, after which the ink thermally degraded. The pattern changed from yellow to an off-
white/silver pattern. An increase in the curing temperature resulted in a decrease in resolution
of the patterns as the vapor pressure difference agitated the ink, causing additional spreading
of the ink.
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Morphology and porosity of sintered patterns

Figure 4.5 are SEM micrographs of the printed silver inks. In Figure 4.5(a), the silver NPs
sample had not been subjected to any heat treatment, indicating the actual shape and size of
the nanoparticles present in the ink. Figure 4.5(b) was subjected to a heat treatment of 200
°C for 30 min which shows the increase in particle size. It also shows the neck formation at
distinct locations within the sample, which incidentally indicates surface filled with voids.
Figure 4.5(c) was thermally sintered at the same temperature but for a total of 60 min. At
this stage, the voids in the sample can be observed to have decreased significantly, while the
nanoparticle size increased.

Fig. 4.5 Results of SEM analysis at different stages of sintering of the silver inks. Micrograph
(a) represents the printed silver NPs ink without any heat treatment; (b) represents the
surface of the pattern after 30 min of sintering, indicating necking and a porous surface; (c)
represents the final sintered pattern after 60 min, showing a significant reduction in porosity;
(d) represents the final sintered AgMOD ink after 5 min at optimum sintering temperature;
and (e) represents the RSI ink after 10 min at optimum sintering temperature.
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The silver NPs patterns appeared to be relatively smooth and shiny with a high resolution.
Upon closer analysis, it was found that the optimally sintered NPs samples maintained a high
uniformity in terms of shape and size. The SEM micrographs were used to further quantify
the sample surface, particularly the void ratio and the size distribution of the nanoparticles.
The void ratio of the samples had reduced from an average of 11.09 % to 2.80 % during the
particle migration stage of sintering, indicating a 97.2 % dense structure based on an average
of five samples. As for the size distribution, the optimally sintered nanoparticle measured an
average of 162.90 nm in diameter, with a distribution range between 117 – 297 nm.

Upon closer analysis of the silver MOD patterns which were optimally cured, the particles
were found to be closely packed with the widest particle size distribution. The formation of
localised clusters which agglomerated randomly can be explained by the flash evaporation
of the solvent which limits the movement of the silver particles, which is concurrent with
the findings of Dearden et al. [225]. Further analysis using image processing software
revealed individual particles having an average size of 215.80 nm with a size distribution in
the range of 196 – 259 nm, and they agglomerate into clusters ranging from 397 nm to 1486
nm (Figure 4.5(d)). These clusters form the percolating network through which the electrons
flow, resulting in a conductive pattern form. The voids of the optimally cured samples was
relatively high as compared to the other ink formulations, with an average void ratio of 31.08
%, which indicated an uneven surface.

The reactive silver ink appeared to be less porous as compared to the silver MOD patterns,
with a void ratio of only 6.13 %. The particle size distribution, however, was wide with
individual particles measuring 161.20 nm on average, and a distribution range of 104 – 228
nm. They eventually formed clusters between 418 – 1356 nm, which can be observed on the
top surface in Figure 4.5(e). This indicated a rather uneven surface which could be due to the
difference in vapor pressure of the evaporating solvent during the heat treatment process.

The change in particle size as well as the distribution range during the heat treatment
process for all three inks is represented in Figure 4.6 below. The change in voids of the
samples is also plotted for the known values obtained upon further analysis of the SEM
micrographs for each sample, shown in Figure 4.7 below.
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Fig. 4.6 Change in particle size for each ink, with the distribution range represented by means
of error bars. The inset in the top left corner is for the particle size distribution of the reactive
silver and silver MOD due to the smaller timescale involved, and the larger particle sizes.

Fig. 4.7 Reduction in voids of the silver samples at optimum sintering conditions as the
duration of the applied heat is increased. The inset in the top right corner represents the plot
for reactive silver and silver MOD due to the smaller timescale involved for the optimum
sintering.
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Contact line pinning by using a heated bed

The surface of the print bed was heated to 35 °C so as to accelerate the evaporation of the
solvent, thereby pinning the contact line of the printed pattern. This contact line pinning
was necessary to prevent the spread of the ink when the second layer was printed, as well as
during the transfer to the hotplate for the heat treatment process. Contact line pinning has
proven to result in a generally unwanted phenomenon called “coffee staining” where there is
a difference in the evaporation rate of the liquid at the edge and the centre of the drop. The
evaporation rate at the edge of a drop tends to be faster due to the contact angle of the drop
on the printed surface, resulting in a flow of liquid from the centre to constantly replenish
that at the edge. Consequently, the flow towards the edge carries the material in the same
direction, causing the formation of a “stain”. However, the formulation of an ink with the
addition of surfactants which reduce the surface tension of the ink has proven to reduce the
coffee-staining effect [156], while the study by Deegan et al. [154] has exploited this effect
to produce well defined polymer dots and arrays by controlling the flow mechanism. In a
similar aim, the gentle heating of the substrate has been used to pin the contact line of the
drop so as to prevent spreading, while the second layer replenishes the evaporated regions
closer to the edge.

Relationship between surface morphology and bulk resistivity of samples

The resistivities of the samples were compared to the bulk value of silver (1.59×10−8
Ω · m)

once the thickness of the samples was measured using confocal microscopy. Each ink was
printed in a track pattern measuring 100 µm×2 mm and the height profile of each track was
measured at different regions, and the mean value was calculated and plotted in Figure 4.8
below. The average thickness of the silver nanoparticle samples revealed to be 185 nm, the
silver MOD ink at 257 nm and the reactive silver at 220 nm for two layers which had been
printed and optimally heat treated. The bulk resistivity of each sample was compared to that
of silver and the best sample was the silver MOD ink where a maximum of 30.7 % bulk
conductivity of silver was achieved, while the silver NPs achieved 24.5 % and the reactive
silver 12.2 % bulk conductivity of silver.

The height profile of the printed patterns revealed the silver NPs to have a relatively
smooth morphology as compared to the silver MOD and the reactive silver inks. This can be
explained by the dense percolating network of the patterns as the porosity of the silver NPs is
only 2.8 % after being optimally sintered. Additionally, the particle size distribution within
the printed silver patterns is evenly spread with the nanoparticles measuring an average of
162.9 ± 95 nm.
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Fig. 4.8 Height profile variation of the silver NPs, silver MOD and reactive silver ink,
optimally printed and sintered with two layers. The dotted lines represent the average value
of thickness for each ink.

The silver MOD ink has a porosity of 31.08 %, which indicated a relatively rough surface
as compared to the nanoparticles. The particle size distribution based on the clusters which
were formed indicated a spread between 397 – 1486 nm, which can account for the highly
porous structure. The silver MOD ink is the most conductive ink and can be cured in 10
min, but the conductivity values obtained can be attributed to the high silver content loading
of 40 wt.% as compared to the silver NPs which has a silver loading of 30−35 wt.%. The
high porosity of the silver MOD pattern can pose a limitation for being used in multi-layer
components as the subsequent deposition surface after curing is highly porous, introducing
areas of weak adhesion.

The reactive silver has a porosity of 6.13 %, with particles measuring an average of 161
nm which eventually formed clusters between 418 – 1356 nm. Similarly, when comparing the
profile of the reactive silver patterns, the large clusters form regions of depressions along the
surface of the pattern due to the large particles agglomerating rather unevenly. The sintering
of the reactive silver can be done in 10mins, resulting in a conductivity of 12.2 % that of bulk
silver and a better porosity than the silver MOD.
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4.1.4 Conclusions

In this experiment, the conventional heat treatment of three varieties of silver inks was
performed, and an analysis on the influence of the heat treatment process was done by
evaluating the void ratio, particle size distribution and conductivity of the samples. The
commonly used silver nanoparticles ink, a silver metallorganic decomposition ink and
a reactive silver ink were inkjet-printed on both glass and polyimide films with similar
optimised printing parameters. The samples were then subjected to a series of heat treatment
processes where the temperature and duration of the applied heat was varied in order to
find optimum conditions to yield the most conductive yet structurally stable sample. The
electrical conductivity measurements were calculated, and, with the aid of the thickness of the
samples, the resistivity was calculated and compared to the bulk resistivity of silver. Further
investigations using SEM analysis were performed, and with the aid of digital imaging
software numerous sample properties were measured such as the particle size distribution
as well as their surface porosity. These properties were then used to correlate between the
electrical conductivity of the samples. Table 4.1 below shows a summary of the experimental
results achieved.

It was found that the silver MOD ink was the most conductive (30.7 % bulk conductivity of
silver) and can be cured the fastest (5 min) at elevated temperatures (200 °C). However, it was
the most porous sample (31.08 % void ratio) and contains the highest silver content (40 wt.%
silver neodecanoate). The reactive silver ink could be cured in twice the amount of time (10
min) but at a lower temperature (120 °C) which proved to be more compatible for thermo-
sensitive substrate such as polyethylene naphthalate (PEN, Tg = 125 °C), polycarbonate (PC,
Tg = 145 °C) or polyether sulfones (PES, Tg = 190 °C) to name a few. The silver nanoparticle
ink was sintered at a similar temperature of the silver MOD ink (200 °C) but for a much
longer duration (60 min). It resulted in a very conductive (24.5 % bulk conductivity of silver)
sample while being the least porous (2.8 % void ratio) despite having a comparable silver
content (30−35 wt.% silver nanoparticles) to the silver MOD ink.
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Table 4.1 Summary of the results achieved using the three silver inks.

Ink

Optimum
sintering

temperature
(°C)

Optimum
sintering
duration

(min)

Conductivity
comparison Void ratio

Particle size
distribution

(nm)

AgNPs 200 60 24.5 % 2.80 % 117 – 297

AgMOD 200 5 30.7 % 31.1 % 397 – 1486

RSI 120 10 12.2 % 6.13 % 418 – 1356

Summary

This chapter sets the baseline for using silver inks, and the expected results to be achieved
using conventional sintering techniques. This baseline is then used to establish a benchmark
for the results achieved using pulsed laser sintering in the following chapter, as well as
to test the research hypothesis mentioned in Section 2.3 on p. 48. Additionally, the silver
nanoparticle-based ink is preferred for the following experiments as it was found to yield the
most reliable pattern in terms of electrical conductivity and mechanical performance, and is
the most commonly used silver ink for printed electronics based on the literature survey.



Chapter 5

Pulsed Laser Sintering

Summary

This chapter describes the investigation into combining inkjet printing with pulsed laser
sintering to produce printed electronics. As printed electronics can be produced on a variety
of substrates for different applications, a wide variety of materials were investigated for inkjet
deposition using functional inks such as silver and copper nanoparticle-based inks. Then,
instead of conventional sintering, a bespoke pulsed laser system was used for converting the
printed features into conductive patterns, which were quantified through conductivity and
morphology techniques, as described in the first experimental section. The laser sintered
silver NPs were found to exhibit similar electrical performance (17.9 % bulk conductivity
of silver) as the conventionally sintered ones (24.5 % bulk conductivity of silver), while
the laser sintered copper NPs exhibitted exceptional performance with up to 38.7 % bulk
conductivity of copper achieved. In comparison with literature, this performance surpasses
the last reported value of 20.1 % bulk conductivity of copper.

Then, the second experimental section expands on the performance characterisation
results of the inkjet-printed copper nanoparticle-based ink on various substrates, more
specifically at the interface between the ink and the substrate with particular attention to the
adhesive strength. A modified, more appropriate adhesion test – the cross-cut test – including
a digital perspective, was selected for the analysis detailed in the second experimental section.
The cross-cut test was done according to the ASTM International F1842-15 standard and
the digital analysis of the results provided an unbiased evaluation. It was found that the
pulsed laser sintering improved the adhesion of the copper nanoparticles on glass and the
two polymer films from an adhesion classification of 3B to 4B, while the copper nanoparticle
sintered on paper remained at 3B with a marginal improvement in delamination area, despite
showing the highest conductivity values. Finally, a discussion about the industrial applications
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of the samples based on their adhesion classification results is done in relevance their
mechanical properties, before concluding this experimental section.

The third experimental section focuses on the pulsed laser sintering parameter and the
impact on the copper nanoparticle coating as well as the substrate. As pulsed lasers are often
used for ablation processes, this section investigated the phenomenon prior to ablation and the
heat affected zone. This experiment investigated the heat affected zone after laser irradiation
and highlighted the influence of the thermal mass in heat conduction to the nanoparticle layer,
as well as the formation and size of the heat affected zone. It was found that the two polymer
substrates resulted in nanoparticle ablation, thermal degradation and substrate failure at high
fluence values, while the paper substrate only resulted in nanoparticle ablation and the largest
heat affected zone formation.

Manuscript in preparation: (1) Beedasy, V.; Smith, P.J. Adhesion evaluation of inkjet-
printed and pulsed laser sintered copper nanoparticles at ambient conditions on thin films
for printed electronics applications, 2021.
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5.1 Experimental I - Pulsed Laser Sintering Investigation

Bulk resistivity comparison of pulsed laser sintered copper and silver
nanoparticle inks on a variety of substrates.

In this experiment, two types of nanoparticle-based functional inks were inkjet-printed on
different substrates and laser sintered using a nanosecond pulsed laser. The functional inks
were each made out of copper and silver nanoparticles, and they were both designed for
printed electronics purposes. Additionally, the copper nanoparticle ink was designed to be
rapidly sintered via flash sintering. The silver nanoparticle ink was commercially available
and designed to be converted into conductive features by conventional thermal sintering
techniques.

The two inks were deposited using inkjet printing technology on a variety of substrates
with different thermal and mechanical properties. These include standard laboratory glass
slides, Kapton polyimide films, polyethylene terephthalate films, and a resin-coated paper.
They were chosen particularly for their inherent difference in thermal properties which would
serve as an indication of a failure mode during the pulsed laser sintering process.

The nanosecond pulsed laser system is custom-built to fit into an inkjet printing system.
This was done to ensure the precise control over the positioning of the incident laser beam
onto the printed features. Contrary to the conventional sintering method which heats up the
entire pattern, the laser sintering process can be performed in a selective approach so as
to prevent damage to the surrounding patterns which require no heat-treatment. The laser
sintered patterns were then evaluated for their electrical performance and the substrates were
investigated for any damage which may have been caused due to the sintering process. To
conclude this section, a comparison between the bulk resistivity of the sintered samples and
the laser sintering parameters is provided, followed by a discussion of the effects of laser
sintering on the printed patterns.

5.1.1 Materials and methods

Substrates

The inks were printed on four different substrates, with their thermal and mechanical proper-
ties detailed in Section 3.1 on p. 52. As a summary, the first substrate is a standard laboratory
glass slide, the second is a polymer film made out of polyimide (PI) which is flexible and has
a high glass transition temperature, the third a similar polymer film made out of polyethylene
terephthalate (PET) which exhibits flexibility and has a lower glass transition temperature,
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and the last substrate is a specially designed paper with a thin hydrophilic coating to improve
particle adhesion. All samples, except for paper, were prepared first by a deionised water
rinsing process followed by another rinse with acetone, and finally dried under a flow of
clean air.

Inkjet printing

The inkjet printing was done using a modified Microdrop MD-K-130 dispenser head with
a piezoelectric actuator. The shape of the nozzle orifice was designed to be used with
metallic nanoparticle inks by reducing the “neck” length, which in turn reduces the chances
of clogging due to the potential agglomeration of nanoparticles. The diameter of the nozzle
orifice is 50 µm with a nominal drop volume of 30 pL. The dispensing parameters, shown
in Figure 5.13 below, were optimised using triple oppositely-directed pulses to produce the
smallest droplet ranging between 30 – 35 µm in terms of in-flight diameter. The optimisation
process followed the similar theory described in Section 3.2.1 on p. 57.

Two metallic nanoparticle-based inks, a silver and a copper (details provided in Section 3.1
on p. 53), were printed using the Microdrop dispenser. Both inks were first filtered using a
0.45 µm PTFE filter before transferring to the inkjet reservoir for printing. This was done to
eliminate any contaminants which may cause defects or clogs during printing. The reservoir
was coated with a light-repellent adhesive tape on the external walls to prevent degradation
of the inks due to light.

The substrate was heated to 40 °C to accelerate the evaporation of the solvent upon
deposition and thereby pinning the contact line. The gentle heating of the substrate was
beneficial in controlling the morphology of the printed patterns, and this was observed as the
droplet spacing was reduced to ensure a higher loading per unit area. The optimum droplet
spacing for all four substrates was maintained at 75 µm as it yielded the most uniformly
printed pattern after the droplets spread on the substrates. Two layers of nanoparticle ink were
printed to ensure an optimum coverage of the specified geometry, which was a square pad
measuring 15 mm×15 mm in this experiment. Figure 5.2 shows a snapshot of the samples
following deposition via inkjet-printing before the pulsed laser sintering process.
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Fig. 5.1 [Left] Illustration of the waveform used for inkjet printing using the Microdrop
MD-K-130 dispenser head fitted with a 50 µm printhead. [Right] A snapshot of a 30 µm
droplet ejected from the Microdrop nozzle. The scale bar in this snapshot is 50 µm.

Fig. 5.2 Snapshot of the silver and copper nanoparticle-based inks following inkjet printing,
prior to pulsed laser sintering, on all four substrates. Scale bar is 5 mm.
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Pulsed laser sintering

Once printed, the samples were left to first dry on the heated bed, followed by sintering using
a nanosecond pulsed laser. The drying step is critical to allow laser sintering to occur as a
wet sample requires additional energy to evaporate the carrier fluid, which may eventually
vaporise the nanoparticles once they are exposed to the increased incident power.

The details of the laser system used to sinter the samples are provided in Section 3.3
on p. 66. As a summary, the laser uses a semiconductor laser diode to emit in the near
infrared (NIR) region, with 905 nm at peak radiant intensity. The emitting area is collimated
to produce a beam measuring 200×15 µm2, and due to the small rectangular spot size of the
laser, a “snake scanning” approach was used to sinter the patterns, and an overlap between
each sintered row (dss) was maintained to ensure a continuously sintered pattern.

The fluence of the laser was varied as it strongly affects the sintering process for the
nanoparticles due to the amount of radiation absorbed in the material during the interaction.
The scanning velocity of the laser is crucial to maintain an overlap between each pulse and
hence effectively sinter the patterns without leaving “ridges” of unsintered ink. However, a
low speed does not guarantee the patterns will be sintered evenly to achieve good mechanical
and electrical properties as other factors such as the excessive heat dissipation within the
pattern to the substrate must be considered, in addition to the excessive incident power which
can cause cracks and ablation.

5.1.2 Characterisation

Thickness

The thickness of the patterns was obtained via atomic force microscopy (Nanoscope IV
– TM-AFM, Bruker Inc., Kroto Research Institute), the details of which are provided in
Section 3.4.3 on p. 70 and the profile of each pattern was then plotted. The profile of the
pattern was used as an indication of the thickness of the inks after sintering.

Absorption spectrum of inks

To gain a more thorough understanding of the laser sintering of both the silver and copper
NPs ink used throughout this experiment, the optical absorption spectrum of both inks was
quantified in the ultraviolet (UV), Visible light (Vis) and near infrared (NIR) range, i.e. from
240 nm – 2500 nm inclusive. The details of the process are described in Section 3.4.4 on
p. 71.
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Electrical properties

The electrical conductivity of the printed samples was used as a measure of success following
the thermal sintering/curing process. As such, the conductivity was quantified using the
four-point probe method, the details of which is provided in Section 3.4.6 on p. 73. By using
four probes – two as source leads to supply the test current and the other two as sense leads
to measure the voltage difference across the samples under test – it eliminates any systematic
error of resistance due to the leads or contact between the probes and the sample.

5.1.3 Results and discussion

Absorption spectrum of nanoinks

The method of sintering by using radiation had proven successful in several reports by
Kim et al. [185], Ryu et al. [184], and Mitra et al. [226] to name a few. However, these
reports mention the use of photonic sintering to enhance the conductivity of printed metallic
nanoparticle-based patterns as a variation the intensity of the incident radiation. Subsequently,
the wavelength of the exposed radiation matches the absorption of the metallic nanoparticles,
as first reported by Ready in 1965 [227]. Additionally, Henglein [228] investigated the
change in absorption of radiation of different sized copper nanoparticles, highlighting the
dependence of particle size on the optical absorption spectrum.

Figure 5.3 below which is a plot of the variation of the absorption of the nanoparticle-
based inks over a range of wavelengths. The emission range of the pulsed laser was superim-
posed on both plots as an indication of the absorption of both copper and silver nanoinks
at that particular incident radiation wavelength (895 nm – 915 nm). The silver nanoparticle-
based ink measured a peak absorption at 588 nm (529 nm – 639 nm at full width half
maximum (FWHM) for that peak), although a more relevant peak was measured at 903 nm
(880 nm – 943 nm FWHM) for this pulsed laser sintering application. However, there were
other subsequent peaks observed during the experiment. The process was repeated three
times and the results obtained showed a similar response to the testing equipment, which
highlighted a potential systematic error at longer wavelengths. The copper nanoparticle-based
ink measured a peak absorption at 253 nm (241 nm – 264 nm FWHM) and secondary peak at
888 nm (875 nm – 900 nm FWHM). The two distinct peaks indicate a better response to the
testing equipment as compared to multiple peaks in testing the silver NPs ink, and ultimately
validate the use of the pulse laser for this sintering application.
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Fig. 5.3 Absorption spectrum of (left) the silver nanoparticle ink and (right) the copper
nanoparticle ink over the UV-Visible light spectrum (240 nm – 800 nm) as well as the NIR
range (850 nm – 2500 nm). The thin orange rectangular strip represents the range of the
emission of the pulsed laser diode (895 nm – 915 nm).

AFM measurements for thickness and morphology

In order to quantify the sheet resistivity of the samples, the thickness of each pattern is
required and then used to calculate the resistivity from the sheet resistance measurements.
Due to the limitations of the measurement window of only 90 µm2, the entire square pad of
15 mm2 could not be measured, and hence an approximation of the thickness of two layers of
metallic nanoink was used. Test samples of a single row of ink were printed out of two layers
of nanoink followed by the laser sintering at optimum conditions, which will be discussed
in the following section. These samples were then inspected under the AFM to gather the
morphological parameters, particularly the thickness of two layers of nanoink, and the results
from the analysis are shown in Table 5.1 below.

Table 5.1 Results of AFM analysis of the test samples, showing the mean value of thickness.

Substrates
Glass PET Kapton PI Paper

Thickness
AgNPs 466 nm 530 nm 525 nm 556 nm

CuNPs 407 nm 426 nm 431 nm 468 nm
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The AFM results also provide an indication of the overall surface morphology of the
samples after laser sintering. Figure 5.4 and 5.5 below represents a topological plot of
the laser sintered silver and copper nanoparticle test sample, respectively. The change in
thickness from the unsintered and the sintered sample lies within the uncertainty range of
each pattern, hence it was not plotted. From the graph, it can be seen that some coffee
staining (albeit minimal) occurred for the sample printed on glass due to the spreading of the
ink owing to the smooth surface.

Fig. 5.4 Graphical representation of the height profile of the laser sintered silver nanoparticle
test sample (two layers of a single row of droplet) on each substrate, highlighting the
morphology on the surface.

The morphology of the sample printed on the PET film was subjected to some coffee
staining, although the average thickness could still be calculated from the plots. Due to
the nature of the tapping mode measurement technique, the tip was subjected to vertical
deflections due to the surface of the sample under investigation, and also the presence of
contaminants such as minuscule amounts of material removed from previous samples. This
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limitation affected samples printed on paper as they were the last set of samples under
investigation. As a result, the copper and silver nanoink samples printed on paper appeared to
have a rougher surface, possibly due to the contamination of the AFM probe tip. Nonetheless,
the results from the analysis provide a useful approximation of the sample thickness on paper
as the overall edges of the pattern were accurately measured.

Fig. 5.5 Graphical representation of the height profile of the laser sintered copper nanoparticle
test sample (two layers of a single row of droplet) on each substrate, highlighting the
morphology on the surface. In this case, the samples printed on both glass and the PET film
were subjected to coffee staining due to the spreading of the ink.

In comparison with the oven sintered silver NPs samples from Chapter 4 in Section 4.1.3
on p. 94 with the pulsed laser sintered silver NPs ink, it appears that the laser sintered samples
printed on glass and the polymer films results in some minimal level of coffee staining, similar
to that observed with the conventionally sintered silver NPs on p. 94, although this was
not observed on the samples printed and laser sintered on paper. This could be due to the
spreading phenomenon as a single row of two layers of silver NPs ink printed on glass
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measured approximately 63.53 µm wide, while on Kapton polyimide and PET 55.44 µm and
54.24 µm wide, respectively. The samples printed on paper measured 48.67 µm wide, which
is 23.3 % less than the width of the sample printed on glass. This reduction in width allows
the silver NPs to spread out more evenly within the printed row, thereby reducing the coffee
staining effect to produce a relatively smoother topology.

Based on the AFM topology of the samples, the pulsed laser sintered samples exhibit
a smoother topology as compared to the conventionally sintered samples, possibly due to
the inherent top-down sintering method as compared to the hotplate. Additionally, the use
of a heated bed accelerated the rate of solvent evaporation, which in turn created a surface
tension gradient resulting in a uniform morphology of the printed features [229].

Conductivity development as a variation of laser fluence

With pulsed laser sintering, a high amount of energy confined in a very small area is
transmitted to the nanoparticle ink in a short duration, thereby minimising the heat conducted
to the surrounding environment. As the wavelength of the emitted pulses of radiation
matches the absorption of the ink constituents, the energy emitted is absorbed within the
ink, ultimately minimising the heat dissipation to the substrate which allows for sintering
on thermo-sensitive substrates such as paper, or polymer films with a low glass transition
temperature such as PET. Figure 5.6 shows a snapshot of the samples following pulsed laser
sintering, showing the change in colour particularly for the copper samples (dark brown to
copper).

Fig. 5.6 Snapshot of the silver and copper nanoparticle-based inks following pulsed laser
sintering on all four substrates. Scale bar is 5 mm.
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The results in Figure 5.7 below show the change in resistivity of the silver nanoparticles as
the laser fluence is increased for the four different substrates. In the case of laser sintering on
glass, the resistivity of silver decreased by a few orders of magnitude until a maximum value
of 17.9 % of bulk conductivity of silver was achieved. Similarly, the pulsed laser sintering
performed on PET films resulted in comparable values of resistivity with a maximum of 19.5
% bulk conductivity of silver obtained. These values of bulk conductivity were achieved at a
maximum fluence of 446 mJ/cm2. When the laser was pulsed at higher fluence values greater
than 450 mJ/cm2, this resulted in the ablation of material with no values of conductivity
recorded.

Fig. 5.7 Comparison of the change in resistivity of the silver nanoparticle ink as a variation
of the laser fluence, on the four different substrates. The bulk resistivity of silver (1.59×
10−8

Ω ·m) is indicated by the dotted red line.
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The laser sintering performed on Kapton PI films and the paper substrate resulted in
slightly more conductive patterns with a 22.4 % bulk conductivity of silver achieved on
Kapton PI and 24.9 % on the paper substrate. However, in comparing the laser sintering
process for the two substrates, it is worth noting that the increase in bulk conductivity obtained
on the paper substrate was achieved at a higher fluence at 500 mJ/cm2, as compared to the
fluence of 446 mJ/cm2 used to sinter on the Kapton PI films. This increase in fluence was
only made possible due to the coating on the paper substrate which enabled the nanoparticles
to better adhere to the surface of the paper while being subjected to higher pulses of energy,
preventing ablation.

The overall variation in the laser sintering appeared to decrease as the fluence increased
up to the optimum level due to the increase in duration of the exposed incident radiation,
thereby allowing for the nanoparticles being exposed to the sequential pulses to heat up and
cool more evenly.

The laser sintering of the copper nanoparticle-based ink was performed successfully and
Figure 5.8 below describe the conductivity improvement of the copper patterns which were
sintered over a range of fluence on the four different substrates. The laser sintering performed
on the glass substrate achieved a maximum of 16.2 % bulk conductivity of copper at a fluence
of 402 mJ/cm2, although the variation in the resistivity values obtained at a higher fluence
was considerably larger compared to the samples printed on the other substrates. The copper
NPs printed on the PET film, after laser sintering, achieved a maximum of 23.9 % bulk
conductivity of copper at a fluence of 446 mJ/cm2, while the other Kapton PI polymer film
achieved a maximum of 26.6 % bulk conductivity of copper at a similar value of fluence.
Similar to the silver ink, the copper patterns printed on the paper substrate achieved better
bulk conductivity values of 38.7 % bulk copper when irradiated at higher fluence up to 500
mJ/cm2 due to the hydrophilic polymer topcoat which allowed for better adhesion during the
laser sintering process. However, when irradiated at even higher fluence values, the resistivity
of the copper patterns increased due to the localised ablation of the copper patterns, creating
open circuits.

The pulsed laser sintered silver NPs can be compared with the baseline established in
the earlier Section 4.1.3 on p. 87 where a maximum 24.5 % bulk conductivity of silver
was achieved using conventional means on glass, while in the case of pulsed laser sintering
a maximum of 17.9 % was achieved. As pulsed laser sintering can be performed on a
wider variety of substrates, the printed silver NPs on paper were the most conductive with a
maximum of 24.9 % as compared with bulk silver, clearly highlighting the advantages of
pulsed laser sintering for compatibility with a wider variety of substrates. In comparison with
the state-of-the-art results achieved to date, the work by Niittynen et al. [181] with a cw laser
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achieved a maximum of 35 % bulk conductivity of silver in samples printed on polyimide.
However, the use of the cw laser required thermally resistant substrates such as polyimide
for the laser sintering to be performed without causing detrimental structural changes to
the substrate. In comparison, Ji et al. [197] used a similar cw laser with PET samples and
produced conductive silver patterns up to 25.2 % bulk conductivity of silver, although they
used a silver nanoflakes ink and a much lower laser power (50 mW ) and lower scanning
speed (1 mm/s) to prevent damage to the thermo-sensitive substrate, which was PET.

Fig. 5.8 Comparison of the change in resistivity of the copper nanoparticle ink as a variation
of the laser fluence, on the four different substrates. The bulk resistivity of copper (1.72×
10−8

Ω ·m) is indicated by the dotted red line.
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Finally, the pulsed laser sintered copper NPs can be compared to the state-of-the-art
results achieved by Niittynen et al. [83] where they printed copper NPs on polyimide and
used a cw laser and an IPL sintering system to produce conductive copper samples of up to
20.1 % bulk conductivity, without the requirement of an inert atmosphere. In comparison
with the samples produced by pulsed laser sintering in this experiment, the samples produced
on polyimide achieved a maximum 26.6 % bulk conductivity of copper, and the advantages
of pulsed laser sintering were further extended by laser sintering on paper where a maximum
of 38.7 % bulk conductivity was achieved.

Relation between pulse overlap and laser scanning speed

One disadvantage of using a pulsed laser in comparison to a continuous wave laser is the
pulse repetition rate which determines how often the output of the laser is toggled ON/OFF.
In this case, the pulsed laser repetition rate can vary from 1 Hz to about 2 MHz, although
the optimal pulsing frequency varied between 4.00 kHz to 6.60 kHz to ensure a continuous,
optimally sintered pattern with pulses overlapping each other. A small pulse overlap will
result in unsintered or partially sintered lines which can cause open circuits or an increase
in resistivity at that particular region. The laser scanning speed is also vital in ensuring an
overlap between the first pulse and the second pulse. A fast laser scanning speed combined
with a low repetition rate will create areas of unsintered ink, as shown in Figure 5.9 below.

Fig. 5.9 Snapshot of an unsintered pattern as a result of a high laser scanning speed combined
with a low pulsing frequency. The scale bar is 50 µm and the separation between each sintered
“column” is 150 µm.
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Increasing the repetition rate of the laser will generate more pulses per second which will
overcome this issue, although a repetition rate above 8 kHz has shown to cause the ablation
of the ink due to the rapid pulsing of the laser, which was reported in similar findings by
Mohammed et al. [230] where a pulsed laser above 6 kHz was used to machine microchannels
in ceramics. Consequently, the laser scanning speed is limited by the repetition rate so as to
allow for the sequential pulses to overlap. An alternative method of using multiple passes
to sinter the pattern can be used, although this increases the sintering time which ultimately
makes laser sintering a less attractive method of manufacturing.

Additionally, the overlap between each sintered row of ink is vital to ensuring a con-
tinually sintered pattern. Even though the collimating lenses redistribute and attenuate the
intensity due to the collimation and reshaping, the overlap between each row must be opti-
mised to ensure an even power distribution of laser beam over the emitted area. Figure 5.10
below illustrates the effects of varying the overlap during the sintering. In a scenario of not
including an overlap between each row of sintered copper ink (0 % overlap), this results in
regions of unsintered copper ink which behave as open circuits. In contrast, having a large
overlap of 30 % will result in areas of ablation due to the increased power distribution over
the same region. The optimum pulse overlap was found to be at 15 % where the irradiated
beam even sintered the copper NPs without causing ablation or unsintered regions.

Ablation threshold and pulse overlap

The variation of the pulse overlap was found to also impact the ablation of the material due
to the high intensity of focussed radiation exposed within a narrow gap. Upon varying the
separation between each adjacent row, dss, with a smaller separation yielding a large overlap
of up to 30 %, it was found that ablation occurred for samples sintered with a 30 % overlap.
The optimum overlap was found to be 15 % where only a fraction of the beam was made
to “re-scan” the previously sintered row of nanoparticle ink, resulting in a continuity in the
sintering of the rows of nanoparticle ink to yield an optimum sheet resistance value in the
sintered patterns, as shown in Figure 5.10 below. The full analysis of the overlap variation
can be found in Appendix B.1. However, higher fluence values with a 15 % overlap, such as
a fluence of 546 mJ/cm2 in the case of copper printed on the paper substrate, resulted in the
localised ablation of the copper nanoparticle ink which ultimately resulted in the increase in
resistivity beyond the optimum, which can be seen in the bulk resistivity comparison plot
for copper nanoparticle ink (Figure 5.8 above, comparing the fluence and bulk resistivity
of copper nanoparticles printed on the paper substrate). Additionally, Figure 5.12 shows
a snapshot of the sintered copper as a result of a 30 % overlap at optimum fluence levels,
resulting in the ablation of copper on the surface. Following ablation, the vaporised material
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is deposited on the surface of the substrate in the form of speckles of copper, which can be
seen in the enlarged SEM image.

Fig. 5.10 Graph showing the pulse overlap variation optimisation and the effects on the
sintered copper pattern through optical microscopy images of copper printed on paper,
showing regions of unsintered copper in the darker regions (0 % overlap); optimum sintering
(15 % overlap); and regions of ablation in the lighter regions due to a large pulse overlap (30
%) combined with a high fluence.

As the energy of the pulsed laser beam is more concentrated in the centre of the beam due
to the stacked configuration of the diodes, the inclusion of an overlap is to prevent variation
in the regions of sintering from the centre to the edges of the irradiated area. Figure 5.11
below represents a detailed SEM view of the comparison between a region of partial sintering
taken at the edge of an irradiated area, and one of complete sintering, taken at the centre of
the irradiated area. In order to improve the sintering mechanism without causing ablation in
the centre of the irradiated area, the inclusion of an overlap between the sintered rows allows
the laser to irradiate the partially sintered regions again and, in the process, supply sufficient
energy to induce additional sintering of the nanoparticle at the edge of the laser beam, to
eventually obtain a more evenly sintered pattern.
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Fig. 5.11 Detailed SEM view of [left] a partially sintered region after the pulsed laser
fluence below the optimum sintering threshold, highlighting the presence of the solvent
and the partially unsintered nanoparticles in the background, and [right] a sintered region,
showing the presence of coalesced nanoparticles to form a percolating network to improve
conductivity.

Fig. 5.12 Snapshot of the ablation of copper nanoparticle ink as a result of a large overlap of
30 % between each row of sintered copper at optimum fluence levels. The magnified view is
the SEM of the speckles of copper produced as a result of ablation from the surface of the
substrate, in this case paper.
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5.1.4 Conclusions

In this experiment, a copper and a silver nanoparticle-based ink were inkjet-printed and
sintered using a pulsed laser. Four substrates, each with varying mechanical and thermal
properties, were subjected to the pulsed laser sintering process. The results from these tests
indicate the successful pulsed laser sintering within a range of fluence parameters, above
which the laser sintering results in the localised ablation of the nanoparticle layer. The results
obtained from printing two layers of conductive ink are summarised in Table 5.2 below. From
these experiments, the best conductivity results obtained were from the samples printed on
paper due to the higher concentration of nanoparticles in a smaller section.

The samples printed on paper were, on average, 9.8 % thicker and 10.2 % narrower than
the other samples printed on glass or the polymer films. The coating on the paper allowed for
the better adhesion and concentration of nanoparticle on the surface, which combined with
the higher resolution of print resulted in the better conductivity values.

Table 5.2 Summary of the bulk conductivity values obtained when compared with relevant
bulk metal at optimum laser sintering conditions.

Silver Copper

Conductivity
comparison

Fluence,
mJ/cm2

Conductivity
comparison

Fluence,
mJ/cm2

Substrates

Glass 17.9 % 446 16.2 % 402

PET 19.5 % 446 23.9 % 446

Kapton PI 22.4 % 446 26.6 % 446

Paper 24.9 % 500 38.7 % 500

The pattern sintered on the polymer films showed similar acceptable results. PET, being
a transparent polymer film with a low glass transition temperature as compared to the Kapton
polyimide film (80 °C as compared to 400 °C), showed no apparent damage during the
laser sintering process. In this case, the choice of PET as compared to the Kapton PI film
is advantageous due to its optical clarity and obvious low cost, with similar mechanical
properties.

In terms of the duration of the laser sintering process, even though the “snake scanning”
approach is more time consuming due to the limitation of the repetition rate of the laser as
compared to a continuous wave laser, it outweighs the benefits as there is still a reduction in
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the overall duration of sintering and the clear advantage of using a thermo-sensitive substrate,
which would not be feasible via conventional sintering techniques.

Since the pulsed laser sintering was successfully done thermo-sensitive substrates, the
next questions to address are the implications on the mechanical properties of the substrate.
Pulsed laser ablation was observed on some substrates with the nanoparticle layer vaporised
from the surface, raising the question of the effects of the penetration depth of the laser to
the surface. In the case of the optimally sintered nanoparticle patterns, how does the fluence
from the pulsed laser affect the adhesion of the nanoparticle layer to the substrate due to its
inherent top-down sintering approach?
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5.2 Experimental II - Adhesion Investigation

Adhesion evaluation of inkjet-printed and pulsed laser sintered copper
nanoparticles at ambient conditions for printed electronics applications

The determination of the success of a manufacturing process is highly subjective to the
specification of the user. For example, the nowadays simple process of printing a document
at home is deemed “successful” when the printer recreates the digital content sent from the
computer onto the sheet of paper, with levels of clarity of text deemed decent by the end-user.
When it comes to printed electronics, this assessment process becomes more thorough and
complicated as other factors, such as electrical performance, are considered. In inkjet printing
of functional material for printed electronics purposes, the list of specifications is much
longer and will often include a specific requirement of resolution or line width, conductivity,
and some level of robustness depending on the application (e.g. flexural strength for flexible
electronics). However, the long-term viability of printed electronics is rarely considered as
they are perceived to be as robust as the devices produced by industrial processes such as
photolithography. For example, functional metallic nanoparticle-based inks of a conductive
nature are assumed to have similar properties as their bulk counterparts, and the study by
Guo et al. [231] clearly demonstrates a variation in mechanical properties of nanoparticles as
compared to the bulk material.

Printed electronics differ in mechanical integrity due to their method of production (e.g.
inkjet printing from nanoparticular suspensions). Consequently, these printed electronics
are more susceptible to failure due to mechanical or thermal stresses involved either in
manufacturing, post-processing step or usage, particularly at the interface between the
substrate and the deposited layer of functional material. High performance printed electronics
are highly dependent on the adhesive strength at the interface for robustness during a flexible
or stretchable application. The adhesion mechanisms of a coating to a substrate deserves an
appropriate consideration in order to successfully fabricate printed devices, especially when
different types of materials are considered (e.g. metals and polymers). Failure to properly
quantify or understand these mechanisms often lead to device failure in the long-term, which
is often overlooked in the early stages of fabrication.

The focus of this section lies on the adhesion characterisation of inkjet-printed copper
nanoparticle-based inks on a variety of substrates. The copper nanoink tracks are printed
and pulsed laser sintered, and the adhesion of the copper ink to the substrates is evaluated.
The effects of different irradiation regimes on the adhesion are then expanded upon and a
conclusion provided.
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5.2.1 Materials and methods

Substrates

Four different substrates were tested, including standard clear laboratory glass slides, DuPontTM

Kapton© HN polyimide (PI) sheets of 125 µm film thickness and polyethylene terephthalate
(PET) sheets measuring 350 µm in thickness. Additionally, a 250 gsm paper measuring
400 µm thick and manufactured by Hewlett-Packard was also tested. The paper has a thin
hydrophilic coating made of a polymer resin which enhances the print resolution for inkjet
applications as it allows the liquid content of the ink to dissipate throughout the paper whilst
allowing the pigments or particles to remain on the top surface. All of the samples, except for
paper, were prepared for inkjet printing by a thorough rinse with deionised water followed by
another rinse with acetone before drying under a clean, pressurised flow of air. The details of
the substrates are described in Section 3.1 on p. 52.

Inkjet printing

The ink chosen for this experiment was an experimental grade copper nanoparticle suspension
ink (Dycotec Materials Ltd.) which was specially designed for flash sintering systems,
described in Section 3.1 on p. 53. Prior to filling the inkjet reservoir, 3 mL of ink was filtered
using a 0.45 m PTFE filter to eliminate the presence of any contaminants which may cause
defects or clogs during printing. The reservoir was coated with a light-repellent adhesive
tape on the external walls to prevent degradation of the inks due to light.

A drop-on-demand inkjet printer (JetLab-4XL, MicroFab Technologies Inc.) fitted with
a printhead measuring 60 µm at the nozzle orifice was used for all the printing trials. The
in-flight diameter of an ejected droplet measured between 40 – 45 µm, hence a droplet
spacing of 75 µm was maintained for all the specimens. The ink was printed to form square
samples measuring 15×15 mm2 with two layers of copper at ambient room conditions, the
temperature of which ranging from 23 °C to 26 °C. The printing waveform shown in Figure
5.13 below was used for dispensing individual droplets from the printhead, along with a
snapshot of the droplet produced. The optimisation process followed the similar theory
described in Section 3.2.1 on p. 57. The substrate temperature was maintained at 40 °C to
accelerate the evaporation of the solvent upon deposition, thereby creating a pinned geometry
to prevent the overspreading of the ink.
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Fig. 5.13 [Left] Illustration of waveform used to eject a droplet of copper nanoparticle ink
from the 60 µm printhead at 25 °C (room temperature), and [right] a snapshot of the droplet
measuring an in-flight diameter between 40 – 45 µm.

Pulsed laser sintering

A similar pulsed laser sintering process, as described in the previous Experimental Section I -
Pulsed Laser Sintering Investigation on p. 102, was used. The percentage of overlapped area
was maintained at 15 % as this was found to be optimum, as explained in Section 5.1.3 on
p. 112. The variation of the pulsed laser fluence was done to determine the optimum fluence
parameters to obtain the best adhesion of the copper nanoparticle ink to the substrate. The
fluence was varied from 286−500 mJ/cm2 on all the substrates, as higher values of fluence
resulted in ablation.

5.2.2 Characterisation

Contact angle analysis

To understand the mechanics of adhesion when the copper ink is printed on the various
substrates, the equilibrium contact angle of the droplet can give an indication of the wetting
of the substrate. The contact angle (CA) of the drop of the different substrates was averaged
based on five measured numerical values obtained by analysing the contact angle on the
substrate, the methodology of which is described in Section 3.4.2 on p. 70.

Cross-cut test procedure

The adhesion of the samples was tested according to the ASTM F1842-15 standard using
scotch tape, and a full description of the procedure can be found in Section 3.4.7 on p. 75. As
a summary, a cutter is used to make six simultaneous cuts into the sample, then the sample is
brushed off for any loose particles which may have been removed from the surface, and a
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second identical cut is placed, perpendicular to the first, to achieve a grid pattern. The surface
is brushed one last time, followed by the application of an adhesive tape to the cut sample,
ensuring good contact is made with the specimen. After 90 seconds, the tape is removed by
steadily peeling it off back upon itself as close to a 180° angle as possible. The grid area is
then inspected and compared against the standard.

Adhesion evaluation and classification

The grid inspection after the tape was peeled was done through digital image processing
software to avoid the human assessment bias. The samples were first photographed using a
high-resolution camera, followed by digital manipulation involving a monochrome conversion
and the areas of delamination quantified as “voids” from the overall selected sample area.
This methodology provided an unbiased and a more systematic and reliable assessment of the
adhesion, as detailed in the earlier section 3.4.7. The delaminated area was then compared to
the standard test results table from Figure 3.21 on p. 79.

5.2.3 Results and discussion

Laser fluence variation and adhesion classification

The variation in the laser fluence was done to determine the optimum level of adhesion for
the different substrate, and the results are shown in Table 5.3 below. The increase in the laser
fluence resulted in an increase in the conductivity of the copper nanoparticle-based ink. The
increase in conductivity can be explained by the absorption of the irradiation, resulting in
the sintering of the copper nanoparticles, thereby increasing the concentration of pathways
for the transfer of electrons throughout the printed sample. At the lowest fluence values, the
adhesion of the printed copper ink on all the substrates can be classified as 3B due to the
removal of between 6 – 12 % of the sintered copper layer. As the laser fluence increases
(resulting in an increase in the conductivity of the printed copper layer), the amount of copper
removed following the cross-cut test decreases until the ablation threshold is reached, as
shown in Figure 5.14 below. Beyond this threshold, ablation occurred, and the remaining
printed copper layer was defective and unsuitable for the cross-cut testing and evaluation as
the removed area was significantly higher at above 70 % of the total printed area. However,
for the paper substrate, the highest fluence which was used was at 500 mJ/cm2, and it was
found to yield a more conductive printed pattern as well as a slight decrease in the average
area detached by 0.29 %. Even though the decrease is marginal, it indicates that the ablation
threshold for the paper substrate was not reached, and an overall higher resistance to ablation
at 500 mJ/cm2 fluence as compared to the other substrates.
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Table 5.3 Summary of the adhesion evaluation using image processing software, and the
classification result based on the F1842-15 standard table. Note that the “ * ” denotes a lack
of area detached due to the ablation of the printed copper ink, resulting in defective samples
unsuitable for adhesive characterisation.

Substrate
Fluence (mJ/cm2)

286 357 402 446 500

Glass
%average area detached 6.66 2.42 1.70 1.60 *

Classification 3B 4B 4B 4B –

PET
%average area detached 6.54 6.53 2.68 0.61 *

Classification 3B 3B 4B 4B –

Kapton PI
%average area detached 6.93 5.85 3.55 0.65 *

Classification 3B 3B 4B 4B –

Paper
%average area detached 11.81 11.66 10.29 9.94 9.65

Classification 3B 3B 3B 3B 3B

The optimum fluence values used for sintering the copper nanoparticles on the various
substrates which led to the least areas of delamination (hence, indicating the most adhesive
strength at the interface) is plotted for all four substrates in Figure 5.15 below. It was found
that none of the samples were categorised in the 5B section which indicates that none of the
copper ink was delaminated from the surface, although the copper ink optimally sintered
on glass, PET and Kapton PI were categorised in the 4B section as a result of the F1842-15
cross-cut test. A more intricate look at these three samples shows that those printed glass had
an average delamination of 1.60 % at optimum sintering, while the samples on the polymeric
substrates, PET and Kapton PI, had an average delamination value of only 0.61 % and 0.65
%, respectively.

As this method of sintering is novel, and given the nature of delivering the sintering
energy in the form of irradiation from a top-down approach as compared to other conventional
sintering methodologies, the adhesive properties of the inkjet-printed copper NPs cannot be
compared to other experimental output. Nonetheless, the recent work by Son et al. [187]
describes the inkjet printing of copper nanoparticles on a plasma treated polyimide substrate,
followed by sintering in a reduced atmosphere using a flash lamp, and the results showed a
relatively more adhesive copper layer as compared to a heat sintered control sample after
bending, although this was not quantified.
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Fig. 5.14 Graphical representation of the different adhesion evaluation in terms of the de-
tached area as a percentage of the total printed area (15×15 mm2) for the copper nanoparticle-
based ink printed on the four different substrates, as a function of the laser fluence variation.
The right y-axis represents the adhesion classification based on the F1842-15 standard, start-
ing from 5B to 4B and 3B in this set of experiments.

Another contribution by Kim et al. [185] used an intense pulsed light setup to sinter a
deposited copper nanoink on low-temperature polymer substrates at ambient conditions, and
explained an improvement in the conductivity of the copper without damage to the substrate.
In their contribution, a scratch test using a diamond tip was performed as a means to evaluate
the adhesion and revealed “good adhesion” to the substrates.
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Zenou et al. [82] explored the combined use of a continuous wave and a pulsed laser to
produce spin-coated copper patterns at ambient conditions. The continuous wave laser output
was used to sinter the patterns, while the pulsed laser was used for ablation, hence resulting in
the formation of fine features with line width under 5 µm. However, their adhesion evaluation
method is questionable given their evaluation is based on a “pass or fail” after rinsing in
water or a solvent.

Fig. 5.15 Graphical representation of the optimum adhesion classification values and the
variation shown with error bars on each substrate when sintered at the optimum laser fluence.
The right y-axis represents the adhesion classification based on the F1842-15 standard,
starting from 5B to 4B and 3B in this set of experiments.
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Adhesion mechanisms

There are several factors which can be used to describe the adhesion mechanics, although
the two major contributors in a metal-polymer system have been found to be mechanical
interlocking and chemical bonding [232–234], while other factors such as electrostatic forces,
physical adsorption and diffusion have been found to have negligible effects when applied
to this system under study. Mechanical interlocking adhesion mechanism is due to the
anchoring of the ink constituents, in this case nanoparticles, within microscopic cavities
found in the substrate, as shown in Figure 5.16. As a result, additional energy is required to
separate the printed copper coating from the surface.

Fig. 5.16 Representation of the comparison between a rough and smooth surface, highlighting
the presence of voids due to micro-gaps on a rough surface, resulting in a mechanical
interlocking of NPs.

The surface roughness of the substrate plays a major role in the mechanical interlocking
mechanism due to the interface – a relatively smooth surface with uniformly-sized voids
ensure the consistent anchoring of nanoparticles of a uniform particle size within the substrate,
thereby increasing the adhesive strength which is observed with the copper ink printed on
glass. In contrast, a relatively rougher surface can result in the creation of voids due to an
increased localised concentration of nanoparticle agglomeration around a hollow region,
while other regions which contain smaller cavities have a low nanoparticle concentration,
which ultimately leads to a poor adhesive strength at the latter regions. This phenomenon
can be used to explain the adhesive property on the polymer substrates. Additionally, the
variation of the size of the cavities at the surface of the substrate can create regions of moisture
accumulation due to the failure of the nanoparticle to penetrate the cavities uniformly, which
eventually is detrimental to the adhesive strength of the printed copper ink on that particular
substrate – in this case the paper substrate.
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Chemical bonding mechanisms can occur as a result of the formation of ionic, covalent,
and metallic bonds at the metal-polymer interface [235]. However, the identification of the
particular type of chemical bond at the interface is not well understood due to the complexity
of each bond type, and the nanoscale involved in the analysis [236]. As a result, experimental
quantifications of chemical bonds generally refer to a set of chemical bonds, and in a metal-
polymer system, it usually occurs due to the transfer of a charge from the copper nanoparticle
to the substrate after surface treatment such as chemical vapor deposition or plasma treatment
[237]. These surface modification methods impart a functional aspect (e.g. hydrophilicity)
to the substrate, which eventually enhances the chemical bonding properties of the polymer
to the metal layer. However, as surface modification techniques were not used throughout
this experiment for the polymer substrate, the adhesive strength due to chemical bonding
mechanisms is assumed to be negligible as compared to mechanical interlocking mechanisms,
particularly as metallic NPs ink were used.

Contact angle and substrate wetting characteristics

Some other factors which influence the adhesion of the nanoparticles at the substrate interface
include the wetting and spreading of the deposited functional material, the penetration within
the substrate and, in the case of nanoparticular suspensions, the size distribution of the
nanoparticles. A poorly wetted surface (e.g. an ink printed on a hydrophobic substrate) has
a smaller surface contact area as compared to a well-wetted surface (e.g. an ink printed
on a hydrophilic substrate) which has a larger surface contact area. For suspension inks,
a homogenous particle size distribution results in a larger contact area when printed on a
surface, as compared to suspension inks with an uneven particle size distribution.

The equilibrium contact diameter of the drop on the substrates can be used as an indication
of the spreading of an ink on the substrate after deposition. Figure 5.17 represents the results
of the contact angle analysis on the substrates. In the case of glass being a relatively smooth,
non-porous surface, the ink spreads considerably (shown by a CA = 18.7°) indicating a highly
wetted surface which can result in coffee staining after sintering. For the polymer substrates,
the wetting characteristics indicate a moderately well-wetted surface due to their smoothness
and similar non-porous property (CA = 33.1° and 32.7° for PET and Kapton PI, respectively).
The highest contact angle calculated for paper (CA = 37.6°) indicates a well-wetted surface,
although this could be attributed to the resin coating and the porosity of the paper which
prevents the spreading after deposition. Despite the variation in contact angle, the wetting
characteristics for all four substrates follow a well-wetted surface, particularly when two
layers of the copper ink were printed to ensure the optimal coverage of the 15× 15 mm2

surface area.
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Fig. 5.17 Snapshot of the contact angle of a drop of copper nanoparticle-based ink on the
glass, PET film, Kapton polyimide and the paper substrates used throughout this experiment,
highlighting the spreading of the ink on the surfaces. Scale bar is 10 µm.

Types of failure modes

The adhesion test can also be used as an indication of the types of failure modes which can
be observed while evaluating the performance of a coating (in this case, an inkjet-printed
layer). These can be of four categories, which are described with the help of Figure 5.18
below:

(a) cohesive failure;

Perhaps the most tolerable out of all the failure modes, cohesive failure indicates a
strong bond to the substrate and failure arises due to internal delamination within the
converted ink structure due to the weak internal bonds of the particles (e.g. weak bonds
between nanoparticles).

(b) adhesive failure;

Perhaps the least desirable, adhesive failure of the substrate and the ink which indicates
a poor bonding of the ink to the substrate.

(c) mixture of both cohesive and adhesive failure modes;

(d) substrate or testing apparatus failure.

In this case, the substrate (or testing apparatus) detaches from the coating due to the
excellent bonding of the ink, indicating a higher fracture or peel strength as compared
to the flexural or tensile strength of the substrate (or testing apparatus).
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Fig. 5.18 Illustration of the different failure modes for a coating on a substate. The testing
equipment is represented by the black rectangular strips.

Oxidation of copper nanoparticle on paper

During the adhesion evaluation, the delamination of the copper samples exposed the inter-
layers of copper. Since copper is prone to oxidation, the question about the stability of the
printed copper film at ambient conditions must be addressed. A design of experiment as
shown in Figure 5.19 illustrates the procedure for evaluating the oxidation of copper. In
stage I, the copper ink, once printed, was left at ambient conditions (21 – 25 °C) for seven
days, after which the pulsed laser sintering at optimum fluence parameters was done on each
substrate. It was found that the copper printed on glass and the polymer substrates (PET
and Kapton PI) was successfully sintered and achieved similar mechanical and electrical
properties after testing for adhesion and conductivity. However, the paper sample suffered
from severe delamination following sintering and the cross-cut test due to the oxidation of
the copper ink, as shown in Figure 5.20 below. After seven days at ambient conditions, the
copper layers were completely dried, and despite exhibiting no colour changes in that period
of time, the pulsed laser sintering process revealed otherwise, particularly after the cross-cut
was performed.

As a comparison, stage II represents the procedure for the samples which were immedi-
ately laser sintered after drying (within one hour), and were left at similar ambient conditions
for seven days. Then, the cross-cut test was performed, and the results were distinctively
different. It was found that all the immediately sintered samples achieved similar mechan-
ical and electrical properties after testing for adhesion and conductivity, as compared to
the previous stage I of the experiment where the samples printed on paper suffered from
oxidation. Additionally, stage III extends the experiment to a duration of twenty-eight days
to validate the claim, and no significant change was observed for those samples, after which
the experiment was concluded.
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Fig. 5.19 Design of experiment for the oxidation evaluation of pulsed laser sintered copper
NPs.

The oxidation of the copper ink which was printed on paper and left at ambient condition
for seven days can be explained by the porous nature of the paper which allowed oxygen
molecules to penetrate through the constituents of the stable nanoparticle-suspension ink.
Moreover, the hydrophilic coating which promotes an improved resolution of the printed
pattern creates a distinct separation of the nanoparticles and dispersant from the chemical
solvent which is used to prevent the oxidation of the copper nanoparticle-based ink. As a
result, the lack of oxygen-inhibitors from the ink causes the oxidation of copper nanoparticles
as the chemical solvent evaporates through the underneath of the fibres of the paper substrate,
resulting in a cohesive-adhesive delamination of the copper from the paper substrate, as
shown in Figure 5.20.
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Fig. 5.20 Snapshot of the oxidised copper sample printed on paper which was left at ambient
conditions for seven days, after which the pulsed laser sintering was performed followed by
the cross-cut test.

In comparison with previous literature which evaluate the oxidation of copper, Zenou et
al. [238] reported that no oxidation of copper was observed with their samples, provided the
laser irradiation process was done fast enough at the correct fluence parameters depending
on the NPs ink. In their case, they printed copper NPs on glass and performed the irradiation
process using a cw laser, with an exposure time of a few milliseconds. Similarly, Halonen et
al. [239] supported this conclusion when they performed the sintering of copper NPs with
a cw laser and did not observe any oxidation as the irradiation was limited to very short
durations.

Applications and significance

The classification of the adhesion results from 5B to 0B can be interpreted in various ways,
and for some scientists these results might not provide sufficient information concerning the
kind of applications which the specimen under test can be aimed at. This raises the question
of “What do these classification results mean?”, and this section aims at providing some
indication to best answer the question. This discussion is facilitated by a qualitative survey
with different ink suppliers which state the adhesion chracterisation in their ink specification
sheets, e.g. Dycotec Materials Ltd.

Starting from the lowest, a classification of 0B, being the least desired outcome of the
cross-cut test, indicates that there is a very high probability that the sample will fail when
subjected to external stimuli such as a force acting on its surface, a vibrating environment,
or a bending moment. At this stage, there are not many applications for such a sample due
to its limited performance, although it can be made useful for temporary solutions on rigid
surfaces. For example, this type of sample can be used as a quality control for short-term
transport applications to verify the integrity of a shipment which unfavourably underwent
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extensive fatigue in the form of bending or friction cycles. In the long term, to mitigate the
failure of the sample, a surface treatment is highly recommended to improve the adhesion of
the coating/ink to the substrate. Alternatively, the chemical composition of the coating/ink
can be modified to include an adhesion promoter [240] which is an additive that improves the
strength of the coating at the interface without impacting the performance of the end-product.

Next, a classification of 1B indicates that there is also a high probability of the coating to
detach from the substrate when subjected to similar external stimuli. However, depending
on the amount of delamination (1B indicates between 35 % – 65 % delamination), there are
several options which can be considered. On the lower end of the delamination, the use of
adhesion promoters can only marginally improve the adhesion of the coating/ink while other
factors such as a surface treatment, preparation prior to coating and carefully optimising
the curing or sintering environment of the coating/ink can prove to be more beneficial for
improving the adhesion. Some of the applications for a sample exhibiting such adhesive
strengths can be targeted at temporary rigid coating such as wallpapers, posters, or banners.

Higher on the adhesion chart, a rating of 2B indicates the delamination area is between
15 % – 35 %, which is acceptable for static applications such as a coating on a rigid surface
(e.g., wallpapers and paints) in the long-term. However, similar external stimuli may not be
favourable for the long-term viability of the coating/ink on that surface, hence the use of a
surface treatment and an optimised curing cycle is recommended to improve the adhesive
strength at the interface.

As we approach the higher rating of 3B indicating a delamination of between 5 % and
15 % (only a 10 % range), coating/inks which fall into this category can be aimed at low-
to mid-end applications such as printed electronics for static applications. For example,
functional inks in this category can be printed on various surfaces without the need of
a surface treatment as long as the curing or sintering process is optimised to promote a
higher adhesion mechanism (either through mechanical interlocking or chemical bonding).
Applications can be targeted at simple printed circuits which are not subjected to external
stimuli such as extensive bending or fatigue cycles. However, a certain level of exposure
from external forces on the surface of the coating/ink can be maintained without having
a detrimental impact on the performance of the device. At this stage, the addition of an
encapsulation layer is recommended to protect the coating/ink in the long-term, which can
eventually be aimed for applications in the mid- to high- end electronics [241].

At the even higher end of the chart, a rating of 4B indicates that less than 5 % of
delamination occurs after testing, indicating the suitability of the coating/ink for high-end
applications such as flexible printed electronics. These devices can sustain external forces,
vibrations and bending cycles in the long-term with minor impact on their performance,
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although an encapsulation layer is recommended for applications in high-stress dynamic
environments.

Finally, at the top tier, a rating of 5B indicates that no delamination occurs at all, and
applications of such coating or inks can be aimed at ultra-high end electronics for flexible or
even stretchable printed electronics.

Suitability of adhesion evaluation technique

As printed electronics are classified as thin films due to their geometries, the evaluation of
their adhesive strength is a complicated process which can increase in complexity due to the
use of the test apparatus.

The earlier work by Mittal in 1976 [242] expanded on the importance of evaluating the
adhesion of thin films (< 1 µm) and reviewed some test methodologies such as the pull test,
highlighting grounds for further improvement such as the use of centrifugal dispersion of the
adhesive layer for the pull-test method. Other suggestions included further investigations in
normalising the use of standard test equipment, cross-comparison of various techniques and
the adhesion measurement of thin polymeric films. These suggestions were then discussed in
detail by Bowling [243] who analysed the adhesive strength of particles ranging from 0.1
µm to 100 µm in diameter on semiconductor surfaces, and discussed the types of forces such
as van der Waal and capillary acting at the interface, and can increase due to an increase in
surface area after deformation.

The report by Gerberich and Cordill [244] expanded on the physics of adhesion based on
different scenarios which ultimately contributed to a broader understanding on the topic. In
their report, the authors focused on the metal-semiconductor and metal-ceramic interface
due to the developments in thin film technology, and performed a series of simulations and
quantitative experiments to determine the adhesive strength.

Quantitative experiments are aimed at finding the adhesive energy in J/m2, and these
can be done using pull tests, scratch tests, nanoindentation and four-point bend tests. These
experiments often require the use of rather complicated equipment to visualise the testing
procedure, and there is often a minimum requirement on the sample geometry. For example,
Marshall and Evans [245] investigated the fracture analysis of thin films using indentation-
induced delamination techniques and provided an explanation on controlling the indentation
for a suitable response in contact-induced damage for thin films. Despite the testing area being
minimal in size, the equipment involved to capture the delamination process is significantly
larger and resource-intensive. Following this, Litteken and Dauskardt [246] investigated the
adhesion of polymer thin films using nanoindentation and four-point bend techniques. Each
of the specimens for these qualitative tests required careful preparation (e.g. machining a
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100 µm central notch for the bending test) in addition to the patterning on the substrate, and
conform to thin film geometries much bigger in aspect ratio as compared to inkjet-printed
specimens. Birringer et al. [247] further elaborated on the proper technique required for the
four-point bend test, highlighting the importance of the grain alignment along the beam axis
for composite structures.

The research by Dupont et al. [248, 249] investigated the adhesive strength of roll-to-roll
processed polymer solar cells using a pull-off test, while the geometries of the deposited
layers were obtained using inkjet printing techniques. In order to perform their test, further
preparation in the form of epoxy bonding the samples to the testing beams, and the use of
a delaminator system was required. The results of these experimental techniques provided
a clear, calculated value of the adhesive force between the interfaces. The suitability to
printed electronics is questionable due to the pre-testing machining requirements (surface
preparation, test equipment bonding, notch machining at a micro scale), and the geometries
required for these tests. The most suitable quantitative experiment which can relate to printed
electronics is the pull-off test, and despite the requirements for high-end delaminator systems,
it has proven useful in many printed electronics applications [250, 251].

The pull-off tests rely on the addition of an epoxy adhesive between the layers under
investigation (ink-substrate interface, and substrate-test baseboard) as highlighted by the
previously mentioned reports. The curing of the epoxy layer is crucial in obtaining meaningful
results, without compromising the investigation due to the improper delamination of the
specimen. The choice of epoxy has to satisfy the specification of having an adhesive strength
stronger than the dolly-epoxy adhesive strength as well as the test specimen-epoxy adhesive
strength, in such a way that the test specimen fails either via cohesive failure of the printed
layers, or adhesive failure at the printed layers-substrate interface. A final criterion the
epoxy must satisfy is that its cohesive strength must be stronger than either the cohesive
strength of the printed layers, or the adhesive strength at the printed layers-substrate interface.
Once these specifications have been met, the pull-off test can be performed and the outcome
deemed quantifiable.

It is worth mentioning that the long list of specifications introduces very minimal margins
for exploration, and eventually requires great control over epoxy application, curing stages
and testing procedure. Additionally, prior testing must be performed on the samples to
investigate the chemical compatibility of the glue with the test specimen to prevent physical
or chemical changes to the printed layers during the epoxy curing cycle, particularly when
investigating thin films in this application. Furthermore, flexible soft substrates are susceptible
to deformation during a mechanically stressful pull-off test method, which can inevitably
distort the test results.
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Finally, the cross-cut test based on ASTM International standard D3359 “Standard Test
Methods for Measuring Adhesion by Tape Test” [221] is a less stress-inducing test method
for thin films, particularly printed electronics. The procedure is less stress-inducing as it
provides an indication of the adhesion of a coating in the form of a film to a substrate by
applying a pressure-sensitive tape over a series of cuts made into the film. Joo and Baldwin
[235] applied this test methodology for their investigation into the adhesion mechanisms
of silver nanoparticle which was deposited on a variety of organic and inorganic substrates.
Similar research outputs by Schirmer et al. [252] investigated the adhesion of a screen-printed
silver paste on flexible PET substrates using both the pull-off and the cross-cut tape test.

In all of these findings, the cross-cut test can be done quickly, without the need for
expensive specialised equipment and is the preferred method of obtain quick and reliable
results in the research and development industry, and this is highlighted in the specification
sheet of many functional ink manufacturers [253–259].

5.2.4 Conclusions

In this experiment, an inkjet-printed copper nanoparticle-based ink was deposited on four
different substrates (glass, PET, Kapton PI and paper), after which pulsed laser sintering
was done to render the printed pattern conductive. In order to further characterise the
performance of the copper patterns, a cross-cut adhesion test was performed to replicate a
stressful environmental application for the copper patterns for all four substrates based on
the ASTM F1842-15 standard. However, in this experiment, an improved, more systematic,
and unbiased method of evaluating the adhesion was used based on digital image processing
techniques which automatically calculate the areas of delamination from the printed copper
pattern. As a comparison, the laser fluence was varied for each sample until the optimal
pulsed laser sintering parameters were found. Table 5.4 below provides a summary of the
optimum fluence values used to perform the pulsed laser sintering process for each substrate,
and the corresponding average power and bulk resistivity comparison with bulk copper.

The polymer samples were found to exhibit the best mechanical and electrical properties
combined due to their inherent non-porous surface which prevents the oxidation of the
copper layers, contrary to the paper substrate which was found to leak oxygen though the
porous paper fibres and eventually causing a cohesive-adhesive failure of the printed copper
samples. However, the electrical properties of the copper pattern printed on paper was
found to be superior to the other samples at the expense of a lower adhesion classification at
3B as compared to 4B for all the other samples optimally sintered. Nonetheless, since the
delamination was found to be cohesive, the addition of an encapsulation layer can be used as
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a means to limit the damage to the surface of the pattern, thereby improving the adhesive
property of the printed copper film on each substrate and eventually its lifespan.

Table 5.4 Summary of the pulsed laser parameters used to sinter the copper nanoparticle ink
on the four different substrates, highlighting the optimum fluence values and average power
used to obtain the most conductive copper, indicated by the bulk conductivity comparison
with copper and the relevant adhesion classification based on the ASTM F1842-15 standard.

Fluence
(mJ/cm2)

Average
power (W )

Conductivity
comparison

Adhesion
classification

Substrates

Glass 446 0.0804 16.2 % 4B

PET 446 0.0804 23.9 % 4B

Kapton PI 446 0.0804 26.6 % 4B

Paper 500 0.0999 38.7 % 3B
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5.3 Experimental III - Heat Affected Zone evaluation

Analysis of the heat affected zone due to pulsed laser sintering of inkjet-
printed copper nanoparticles on thin films for printed electronics

Printed electronics which have been treated with a laser during the post-processing step
can often be subjected to some unwanted deformation, or a limited performance due to
the formation of a heat affected zone (HAZ). The HAZ must be minimised to prevent the
unwanted stress concentration areas within the printed pattern, which can ultimately lead to
crack formation, especially for flexible electronics.

Pulsed (ns, ms) and ultrashort (ps, f s) pulsed lasers have been used mainly for the
micromachining processes by exploiting their ability to remove material from a surface in a
very precise and accurate manner through a process called ablation. Hirayama and Obara
[260] used a femtosecond pulsed laser for the ablation of a variety of bulk metals such as gold,
silver, copper and iron and found that during ablation the crystalline structure of the metal
changes to an amorphous structure, which leads to the formation of a melt zone, indicating
the formation of a HAZ. In a later research by the same authors [261], they used femtosecond
pulsed lasers for the ablation of bulk copper, and focussed their study on the formation
of the HAZ prior to the ablation threshold, where they described the incident laser energy
is absorbed in the copper, without any noticeable change on the surface. At the ablation
threshold and higher, the ablation of copper was found to be dependent on the absorption
coefficient, while the remaining energy unused for ablation was found to be absorbed in the
sample. Additionally, in another study [261], they found that the heat affected zone was
dependent on the laser fluence.

Le Harzic et al. [262] explored the use of nanosecond and femtosecond pulsed lasers for
the microdrilling of aluminium samples, with the aim of quantifying the HAZ produced as a
result of the interaction. Their research found that the nanosecond pulses produced a HAZ
dependent on the laser fluence, while the femtosecond pulses produced a HAZ significantly
smaller and much less visible based on their observation limit, with a width smaller than 2
µm. Chang et al. [263] used nanosecond pulsed laser for high-precision micromachining at
very high repetition rates (kHz). They successfully machined metals and ceramics with µm
accuracy, producing high aspect ratio structures with negligible HAZ after optimising the
laser processing parameters (fluence and intensity). Similarly, they reported the melt zone
formation and material ejection from the surface of the sample due to irradiation at high
intensities, leading to the formation of a large HAZ. Hermann et al. [264] used femtosecond
pulsed lasers to study the ablation dynamics on bulk copper and gold surfaces, with particular
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attention laid on the ablation plume properties. They found that the heat affected zone
produced was dependent on the thermal diffusivity of the metals, which was larger for gold,
and nanoparticles were vaporised from the surface during short-pulse laser ablation.

From this survey, the key criteria based on the use of lasers for ablation are as follows:

(i) Continuous wave lasers are used for machining relatively large features (mm2) as
compared to pulsed lasers, and also produce a relatively larger heat affected zone;

(ii) Nanosecond pulsed lasers are used for micromachining precise fine features (µm2)
through material ablation, and produce a heat affected zone dependent on the laser
fluence. Below the ablation threshold, the laser energy is absorbed in the material;

(iii) Femtosecond and picosecond (ultrashort) pulsed lasers are similarly used for microma-
chining of precise and high aspect ratio features (µm2) through ablation, although the
heat affected zone produced is very minimal.

Based on these observations, the following experiment is devised to investigate the
formation of the heat affected zone by using a nanosecond pulsed laser at a range of fluence
regimes on a variety of substrates. The samples under investigation are inkjet-printed copper
nanoparticles on various thermo-sensitive substrates. The aim of the experiment is to find the
optimum laser fluence parameters to produce the least HAZ, and the effects on the substrate
as well as the surrounding nanoparticle layer.

5.3.1 Materials and methods

This materials and methods section ressembles the earlier one ”Experimental II – Adhesion
Investigation” on p. 119 due to the similarity in the substrates used throughout the experiment
to ensure a continuity in the investigation. The cross-cut experiment required much larger
samples of a few mm2 printed out of copper nanoparticles, while this experiment investigates
the heat affected zone at a much smaller scale of a few µm2 in order to clearly see the relevant
changes at that scale. The printing procedure is the same, while the laser sintering procedure
onwards is varied.

Substrates

Three different substrates were tested, including DuPontTM Kapton© HN polyimide (PI)
sheets of 125 µm film thickness and polyethylene terephthalate (PET) sheets measuring 350
µm in thickness. Additionally, a 250 gsm paper measuring 400 µm thick and manufactured
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by Hewlett-Packard was also tested. All of the samples, except for paper, were prepared
for inkjet printing by a thorough rinse with deionised water followed by another rinse with
acetone before drying under a clean, pressurised flow of air. The details of the substrates are
described in Section 3.1 on p. 52.

Inkjet printing

The choice of ink, waveform and deposition process resembles the same as per the previous
experimental section methodology on p. 119, hence this was not repeated here. As a summary,
a copper NPs ink was printed to form square samples measuring 15×15 mm2 with two layers
on the substrates at ambient conditions. The substrate temperature was maintained at 40
°C to accelerate the evaporation of the solvent upon deposition, thereby creating a pinned
geometry to prevent the overspreading of the ink.

Fluence variation

The samples were left to dry on the heated bed prior to sintering. A custom-built nanosecond
pulsed laser system as described in the previous Experimental Section I - Pulsed Laser
Sintering Investigation on p. 102, was used. The peak power output of the laser was
maintained at 55 W , while the pulsing parameters were varied based on the number of
pulses emitted from the laser diode to vary the laser energy delivered per unit area, i.e.
the fluence. The number of laser shots were varied from 1 shot to 100,000 shots, which
correspond to a fluence variation from 40.18 – 4,020,000 mJ/cm2 on all the substrates, and
the effects on the relevant substrate was recorded. Additionally, closer examination revealed
the difference between the partially evaporated solvent, partially sintered nanoparticles,
sintered nanoparticles, and vaporised nanoparticles.

5.3.2 Characterisation

Analysis of the heat affected zone

The samples were recorded using SEM imaging at each location where the laser was pulsed
on the copper nanoparticle surface, followed by digital image processing to highlight and
compute regions of interest where the laser was pulsed, namely regions of partial or complete
sintering along with the corresponding heat affected zone, if any. The complete details of the
procedure can be found in Section 3.4.5 on p. 71.
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5.3.3 Results and discussion

Heat affected zone as a variation of laser fluence

The results from the analysis of the heat affected zone show that as the laser fluence is
increased beyond the optimum threshold, sintering of the irradiated nanoparticles still occur
at the cost of a large HAZ formation, as shown in Figure 5.21 below.

(a) Onset of sintering (b) Optimum sintering

(c) Ablation & HAZ (d) Substrate failure

Fig. 5.21 Figure (a) represents the onset of sintering of copper nanoparticles on the PET sub-
strate, (b) represents the completely sintered nanoparticle with the minimal HAZ formation of
only 15 % the total irradiated area, (c) represents the completely sintered nanoparticles with
a large HAZ (60 %) and crack formation at high fluence values (J/cm2), and (d) represents
damage to the substrate at extremely high values of fluence (kJ/cm2) with the laser beam
penetrating through the PET substrate, showing ablation, failure and vaporised material
deposits on the surrounding plume.
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At lower threshold values below the optimum, partial sintering occurs and the HAZ
formation is negligible, as shown in the SEM analysis from Figure 5.21(a). Additionally, at
the optimum fluence value, the sintered area increases drastically until due to the optimum
absorption of the irradiation through the coating, although the HAZ formation is noticeable
and ranges from 15 % up to 35 % of the total irradiated area, as shown in Figure 5.21(b).
The laser fluence variation reflected clearly on the substrate. As PET has a low glass
transition temperature of Tg = 80 °C, the effects of increasing the fluence on the substrate
were very obvious. At the lower fluence regime, the substrate was able to withstand the
sudden temperature rise due to the irradiation from the laser beam, and the energy transfer
from the radiation to the nanoparticle appeared to be successful with partial or complete
absorption into the nanoparticle layer. However, at laser fluences above the optimum sintering
threshold in the J/cm2 range, the typical crack formation phenomenon was observed due to
the duration of the irradiation on pattern, which can be seen in Figure 5.21(c), in addition to
a large HAZ formation of around 80 % of the irradiated area. As the laser fluence is further
increased in the kJ/cm2 range, the penetration depth of the irradiation increases beyond the
thickness of the printed pattern and the substrate combined, and results in the penetration
through the PET film due to the excessive increase in the thermal energy at this location, as
shown in Figure 5.21(d). The HAZ formation at this stage is excessive and undesirable at
more than 100 % of the irradiated area, resulting in the thermal damage and obliteration of
the substrate as the PET film is unable to dissipate the excessive energy.

In comparing the Kapton PI polymer film, at a low laser fluence below the optimum
sintering threshold, only partial sintering of the nanoparticles occurs, and the formation
of a HAZ is negligible as shown in Figure 5.22(a). As the laser fluence increases up to
the optimum sintering threshold, the HAZ formation increases to between 10 % to 60 %
(Figure 5.22(b)), although the energy in the laser beam is absorbed in the nanoparticle layer,
resulting in a more complete sintering of the copper layer, thereby indicating the optimal
energy required for sintering.

Similarly, the fluence variation beyond the optimum sintering threshold affected the
structural integrity of the substrate, although the change was less apparent as compared
to the PET film. This can be explained by the higher glass transition temperature of the
Kapton PI film at Tg = 400 °C in comparison to the PET which has a Tg = 80 °C. Further
increasing the laser fluence beyond the threshold in the J/cm2 range results in a complete
sintering of the nanoparticles while the HAZ formation is still noticeable at a range of up
to 60 %, although not as pronounced in comparison to the PET film, as shown in Figure
5.22(c). However, at this fluence regime beyond the optimum, the formation of cracks is
observed and is detrimental to the performance of the printed layer. At even higher laser
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fluence values in the kJ/cm2 range, the HAZ formation is very excessive above 100 % of the
total irradiated area, depicted in Figure 5.22(d). In this case, the excessive fluence results in a
large penetration through the combined thickness of the polymer film and the nanoparticle
layer, with a large noticeable damage to the substrate due to the excessive thermal energy at
that particular location.

(a) Onset of sintering (b) Optimum sintering

(c) Ablation & HAZ (d) Substrate failure

Fig. 5.22 Figure (a) represents the partially sintered copper nanoparticles on the Kapton
PI substrate, (b) represents the completely sintered nanoparticle with the minimal HAZ
formation of only 5 % the total irradiated area, (c) represents the completely sintered
nanoparticles with a large HAZ (50 %) and crack formation at high fluence values (J/cm2),
and (d) represents damage to the substrate at extremely high values of fluence (kJ/cm2) with
the laser beam penetrating through the Kapton PI substrate, showing ablation and failure.
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Finally, following the analysis of the paper substrate, the results differ from those of the
PET and Kapton PI polymer films due to the inherent material composition of the paper
substrate, although it is clear that the HAZ formation is dependent on the fluence, which
determines the level of sintering of the nanoparticles layer. At low fluence regimes below the
optimum threshold, the sintering of the nanoparticles occurs partially without the formation
of a HAZ, as shown in Figure 5.23(a). As the fluence increases up to the optimum threshold,
the nanoparticles are sintered completely without a noticeable formation of a HAZ, nor any
crack formation (Figure 5.23(b)). As the fluence regime increase in the J/cm2 range, the
sintered area increases drastically with a minimal HAZ formation of up to 20 %, although no
cracks are observed.

However, as the fluence further increases, the irradiated nanoparticles are vaporised from
the target area as shown in Figure 5.23(c) due to the intense fluence at this region. At an
even higher fluence regime in the kJ/cm2 range, there are no nanoparticles left on the paper
substrate at the target area, although the surrounding layer is significantly affected with a
large HAZ formation greater than 100 % of the total irradiated area, represented by a larger
plume formation as shown in Figure 5.23(d). Moreover, the larger plume formation on the
paper substrate does not appear to have damaged the paper substrate as much as the other two
polymer films which have perforations. The relatively larger plume on the paper substrate
can be linked to the heat conduction to the surrounding nanoparticles due to the insulative
nature of paper, hence the excess thermal energy in the irradiation being dissipated through
the conductive nanoparticle layer.

The larger HAZ formation on the polymer films could be due to the thermal energy
transfer through the substrate and the surrounding printed layer, while paper is not as
thermally conductive in comparison. Additionally, the larger range of HAZ formation area
for the Kapton PI film can be attributed to the higher thermal resistance (i.e. higher Tg) in
comparison with the PET film. The relatively high Tg of the Kapton PI substrate allows for
more thermal energy dissipation throughout the thickness of the substrate, whilst conducting
to the surrounding nanoparticle layer which results in a larger HAZ formation, as supported
by Chung et al. [265].
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(a) Onset of sintering (b) Optimum sintering

(c) Ablation & HAZ (d) Substrate failure

Fig. 5.23 Figure (a) represents the partially sintered copper nanoparticles on the paper sub-
strate, (b) represents the completely sintered nanoparticle with the minimal HAZ formation
of less than 5 % the total irradiated area, (c) represents some nanoparticle ablation with some
sintered nanoparticles remaining around the plume at high fluence values (J/cm2), and (d)
represents some damage to the paper substrate at extremely high values of fluence (kJ/cm2)
with the formation of a large HAZ much greater than 100 % of the total area.

Penetration depth of laser beam and structural integrity of the substrates

In addition to investigating the heat affected zone and the sintered area as the laser fluence
on each substrate was varied, some understanding of the penetration depth of the laser can
be made based on the results of this experiment. The previous research by Ko et al. [266]
described the minimal formation of a heat affected zone due to the use of an argon pulsed
laser for the ablation of gold nanoparticles. In their research, they mentioned the thermal
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penetration of the laser beam irradiation can be minimised by using a pulsed laser during the
ablation process, which is partly true to a certain extent. As the laser fluence is increased
beyond the optimum sintering threshold, ablation occurs while the excess thermal energy is
dissipated throughout the substrate. This thermal energy dissipation relies on the thermal
mass of the substrate to prevent excessive thermal stress and a decrease in the structural
integrity of the substate.

In relation to this experiment, the PET film measuring 350 µm in thickness was able to
dissipate the excess thermal energy at fluence variation above several mJ/cm2 until 2,009
mJ/cm2, at which point the energy at that particular location was too excessive and caused
thermal damage to the substrate, as shown in Figure 5.24. At that particular laser fluence,
the thermal stress caused (due to the irradiation) was sufficient to cause the failure of the
substrate, indicating the penetration depth of the laser beam to be greater than 350 µm.

Fig. 5.24 Results from the SEM analysis at laser fluence variation above the optimum
sintering threshold, highlighting thermal and structural damage to the PET substrate.

The Kapton PI film measured 125 µm in thickness and, similarly, was able to withstand
excessive laser fluence above the sintering threshold until 4,018 mJ/cm2, at which point
similar observations were made – the excess thermal energy in the laser beam penetrated
the substrate, causing thermal and structural damage, described in Figure 5.25, thereby
concluding the penetration depth of the laser at this fluence regime can reach 125 µm on this
substrate. Additionally, the surrounding area which was irradiated showed a significant HAZ
formation (Appendix B.2).
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Fig. 5.25 Results from the SEM analysis at laser fluence variation above the optimum
sintering threshold, highlighting thermal and structural damage in the form of cracks to the
Kapton PI substrate as well as the vaporised deposits around the plume.

For the paper substrate which measured 400 µm thick, the structural damage through the
substrate due to the excessive laser fluence variation was not observed, even at the highest
laser fluence. Even though the HAZ formation (Appendix B.2) was very apparent, similar to
the HAZ formation on the polymer films, the laser beam did not penetrate through the paper
substrate. Based on the analysis of the irradiated area on the paper substrate, it appears that
the excess thermal energy was used for the ablation of the nanoparticles from the irradiated
area, as well as the vaporisation and formation of a recast layer, as shown in Figure 5.26.

The variation in the penetration depth of the laser highlights the dependence on the
thermal mass and thermal energy dissipation throughout the substrate [267]. As heat transfer
through the polymer films is facilitated by the movement of polymer ions [268], they are
more thermally conductive as compared to paper which is insulative, thus preventing any
excessive heat accumulation.
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Fig. 5.26 Results from the SEM analysis at laser fluence variation above the optimum
sintering threshold, highlighting the ablation of the nanoparticles on the paper substrate at the
irradiated area as well as the formation of a recast layer and vaporised deposits surrounding
the plume, without any thermal or structural damage to the paper substrate.

Method of laser sintering: Distinct pulses as opposed to a continuous scanning pattern

In this set of experiments, the pulsed laser sintering was done at a distinct location in order to
understand the formation of the heat affected zone on the printed copper nanoparticle layer.
As distinct pulses were being used, the HAZ formation was more apparent due to the energy
being confined at that particular irradiation location, thereby creating a steep temperature
gradient between the irradiated area and the surrounding area which was not being treated
with the laser. This method of sintering led to the more obvious formation of the HAZ as the
surrounding nanoparticle layer was at a lower temperature than the irradiation zone, which
eventually caused the formation of cracks when the laser fluence was exceeded beyond the
optimum sintering threshold as described previously. However, this is particularly useful to
understand the crack, ablation and heat affected zone formation phenomenon at a µm scale,
and prevent these during the laser scanning mode where the laser is continuously pulsed
over a larger area. Due to this scanning approach of the pattern, the incident laser beam
is continuously dissipated to a much larger area and the temperature gradient between the
irradiated area and the surrounding nanoparticle layer is minimised due to heat conduction
through the substrate as well as through the unsintered layer.
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Pulsed laser ablation and long-term stability

Conventional sintering enables the functional material such as metallic nanoparticles in a
printed pattern to coalesce gradually without being subjected to steep, abrupt temperature
gradients, which eventually improves the ductility of the material [269]. Additionally, the
process of removing the printed component from the oven and allowing it to naturally return
to atmospheric temperature allows the grain boundary in the microstructure to gradually
relax, which ultimately contributes to the ductility of the metallic material as well as its
overall strength through a process called normalising.

Alternative sintering processes such as laser sintering have been used to attain similar
objectives of sintering for printed electronics, albeit through different ways. Using metallic
nanoparticles as an example, the NPs absorb the irradiation which causes the sintering of
the material to improve its overall conductivity. However, the area over which the energy is
delivered is much smaller as compared to an oven (often in µm2), which may cause severe
adverse effects. For example, the sudden burst of high energy from the laser beam creates a
steep thermal gradient at that particular location, with a steep temperature rise at the incident
surface and a much cooler temperature at the surrounding area. The large temperature
gradient, if uncontrolled, creates a large heat affected zone within the material.

The heating of a metallic material beyond its melting point causes a change in the internal
microstructure, which can be due to a grain coarsening mechanism, or the relaxation of
internal stresses. This change in microstructure is exploited in the case of sintering where a
certain control over the grain coarsening mechanism leads to the formation of conductive
necks in metallic nanoparticles. However, if performed incorrectly due to unoptimized
sintering parameters, this may result in the formation of cracks due to high thermal stress
concentrations. The crack formation is more common with laser sintering due to the steep
thermal gradients produced at selective locations within the material in a very short period.

In metals which are subjected to a form of heat treatment, the heat affected zone (HAZ)
is of particular importance as it is often a source of failure due to the presence of unrelieved
stress concentrations. The size of the HAZ is determined by the thermal diffusivity of the
material, which is a function of the thermal conductivity, density, and specific heat capacity
as well as amount of thermal energy being applied. A material with a high thermal diffusivity
will absorb and dissipate heat much quicker than one with a lower thermal diffusivity, and
hence produce a smaller HAZ. The formation of a HAZ in metals which are treated with
lasers can often be seen in the form of a plume. The plume is produced as a result of laser
material processing which forms a region of mixed vapour and ambient gas above the material
surface, as well as material deposits surrounding the irradiated zone [270, 271]. Usually, the
formation of a plume on a metallic surface after laser treatment indicates a region of failure
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and stress concentration, or poor coating of a material. For micromachining operations using
laser ablation, this region must be minimised as it indicates a lower machining quality and
inferior precision [230].

Laser ablation can be categorised in two processes: pyrolytic and photolytic ablation.
In pyrolytic ablation, the removal of material is due to heating through radiation. If the
absorption spectrum of the material coincides with the incident radiation, and the incident
laser beam is at a sufficiently extreme power, the electrons in the microstructure of the
material will gain sufficient energy to cause restructuring and release from the material
surface, leading to a molten ejection, vaporisation, and the formation of a recast layer at the
surface. This is more commonly observed in metals. In photolytic ablation, the removal of
material is as a result of breakage of chemical bonds, often referred to as “cold ablation”,
and generally applies to polymers. In this method of ablation, the energy level of the incident
photons in the laser beam must be higher than the molecular bond energy of the polymer
materials, resulting in the breaking of polymer chains into monomers and ultimately material
removal in the form of vapours or small particles.

The micromachining of materials using lasers can be done using either a continuous wave
(cw) or a pulsed laser, each with distinct properties. As mentioned earlier in Section 2.2.3, the
output of a continuous wave laser is always “open”, while that of a pulsed laser is determined
by the duration of the pulse. The inherent difference in their mode of operation gives rise
to different outcomes when used for micromachining operations such as laser drilling. The
constant output of a continuous wave laser will deliver a quicker and more powerful wave
of energy which results in the clean material removal, which is often used for industrial
applications such as laser cutting, laser welding and laser drilling of metal pipes and tubing.
Pulsed laser, on the other hand, can be fine-tuned within very tight margins, which lead to
even more precision and accuracy in the machining operation, eventually benefitting the
manufacturing of medical grade devices such as stents, heart valves and fine tubing due to
their sub-millimetre geometries. Additionally, the heat affected zone of each type of laser
output is different due to their mode of energy delivery. Due to the continuous nature of the
energy output from a cw laser, the surrounding material is heated very quickly and can give
rise to a large HAZ and poor geometries if the laser processing parameters are not optimised,
as shown in Figure 5.27(a). On the other hand, the repeated short bursts of energy from
a pulsed laser minimises the HAZ as it allows for the energy to be dissipated within the
material, thereby preventing overheating and the formation of cracks and debris, as shown in
Figure 5.27(b).
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Fig. 5.27 Illustration of the heat affected zone (HAZ) created as a result of laser machining
processes, showing (a) the use of a continuous wave, and (b) a pulsed laser.

5.3.4 Conclusions

In this set of experiments, the variation of the laser fluence on inkjet-printed copper nanopar-
ticles was investigated in order to understand the formation of the heat affected zone (HAZ)
due to the pulsed laser sintering. Three different substrates were investigated: a PET polymer
film with a low glass transition temperature, a Kapton PI polymer film with a relatively higher
glass transition temperature, and finally a paper substrate which has a more insulative prop-
erty as compared to the polymer films, but nonetheless remains a thermo-sensitive substrate.
As the laser fluence was varied within a wide regime, starting from a few mJ/cm2 to several
kJ/cm2, the effects on the printed nanoparticle layer varied from partial sintering, complete
sintering, ablation, and substrate failure. The regions of partial and complete sintering on
all the substrates showed minimal HAZ formation, and the HAZ formation area increased
drastically as the laser fluence was increased significantly beyond the sintering threshold into
ablation.

Distinct laser pulses lasting a few nanoseconds were used for the sintering of the copper
nanoparticle layer, and despite being known for the ablation effect on metals from previous
literature, the consecutive pulses successfully caused the nanoparticles to coalesce at the
irradiated location based on SEM analysis and evaluation. As the laser fluence was increased
beyond the optimal sintering threshold (J/cm2), the formation of cracks was observed on
both polymer films. Furthermore, in the case of even higher fluence regimes (kJ/cm2), the
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regions of agglomeration extended to the surrounding plume due to the heat transfer to the
surrounding layer from a combination of convective and conductive heat transfer through
the localised atmosphere and the substrate, respectively. At such extreme fluence regimes,
the ablation phenomenon was clearly visible and manifested in the form of thermal stress
on the polymer films which resulted in the structural damage and perforation, as well as the
formation of a large HAZ. In the case of the paper substrate irradiated at similar extreme
fluence values, the excessive thermal energy in the laser beam was used to form a recast layer
at the edges of the irradiated area, in addition to the vaporised deposits and the large HAZ
formation.

The thermal mass of the substrates affects the thermal diffusivity property, which is
responsible for the heat transfer throughout the entire pattern. As the intensity of the
irradiation is increased at a particular location (i.e. the laser fluence), the substrate distributes
the thermal energy to prevent excessive heat accumulation. However, due to the excessive
incident irradiation, the rate of thermal energy diffusion in the polymer films was slower than
the incident thermal energy converted from the radiation in the laser beam, resulting in the
thermal failure of the substrate which could be seen in the form of a perforation. This effect
was not observed on paper due to its insulative nature, and a closer look at the irradiated
region did not reveal any major defects in the form of perforations due to the excessive heat
accumulation.

While the use of distinct laser pulses can benefit the selective micro-sintering of nanopar-
ticles, the laser fluence must be optimised to reduce the HAZ formation, particularly when
the sintered region is formed of composite materials (e.g. a conductor and an insulator).
In contrast, the “snake-scanning” method is beneficial for sintering a larger area without
compromising the structural integrity of the printed sample by minimising the formation
of a large heat affected zone through thermal energy diffusion over a wider surface area.
Finally, the results from this experiment provide a thorough understanding and a baseline
for the optimisation of the laser fluence at distinct locations in order to prevent the crack
and HAZ formation, and also to avoid ablation and prevent damage to the substrate. This
understanding can be extended to perform an even sintering of a larger surface area in the
scanning mode, and ensuring the laser beam penetrates through the entire substrate to ensure
a complete sintering, particularly for multi-layer printed electronics. Consequently, the
electrical performance of the printed pattern can be optimised for optimum conductivity
as well as the mechanical properties which can also be improved to ensure the optimum
adhesive performance of the nanoparticles to the substrate.





Chapter 6

Applications

Summary

This chapter focuses on potential application areas of the research work conducted in this
thesis, particularly for printed sensors, and the central application that forms the focus of
this chapter involves carbon fibre laminate samples containing inkjet-printed sensors for
structural health monitoring. The sensing behaviour of the copper coils in response to the
deformation of specially designed carbon fibre laminate samples is demonstrated, underlining
the suitability and practicality of the research performed in the earlier chapters.

The experimental section then elaborates on the comparison of the inkjet-printed cop-
per coils with a wound coil and an off-the-shelf 3D sensor, and the results from the tests
demonstrate superior performance of the inkjet-printed coils, particularly a 10-turn monofilar
coil. Additionally, the feasibility of the two-step manufacturing process (inkjet printing
of copper nanoparticle-based ink, followed by the pulsed laser sintering) is demonstrated
by using paper which behaves as a flexible, low-cost, and low thermal resistance substrate,
thereby highlighting the capabilities of the pulsed laser sintering process. Finally, the chapter
concludes with expanding on the advantages of a reduction in dimensionality due to the thin
film nature of the inkjet-printed sensors.

This chapter has been published: (1) Gullapali, A; Beedasy, V; Vincent, JDS; Leong, Z;
Smith, P.J; Morley N. Flat inkjet-printed copper induction coils for magnetostrictive structural
health monitoring: A comparison with bulk air coils and an anisotropic magnetoresistive
(AMR) sensor, 2021, Sensor. Adv. Eng. Mater. 2100313.
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6.1 Introduction

Inkjet printing has proven to be a successful method of depositing functional materials on
a wide range of substrates for different applications, particularly for printed electronics.
The low- to mid-end printed electronics area can benefit from an inkjet perspective for its
reduction in production steps and wastage, as mentioned earlier in Chapter 1. By combining
functional inks with inkjet printing, some simple electronic circuits can be made in the
form of sensors such as RFID tags, strain gauges and coils. These can be manufactured
in the form of thin films which can in turn be adhered to multiple surfaces for sensing
applications. Polyimide films of a high glass transition temperature can be used as a means to
withstand the relatively high sintering temperatures of around 200 °C. Alternatively, for the
mid-end applications in industries aiming to use polymer substrates of lower glass transition
temperatures such as PET or PEN (Tg of 70 °C and 120 °C, respectively), combining laser
sintering within the manufacturing of printed electronics in the form of thin films can avoid
permanent thermal degradation to the substrates. Additionally, a wider range of substrates
can be used other than polymer films – for example, a resin-coated paper was used as a
demonstration in Chapter 5, and the performance of the printed pattern was compared to
other printed patterns on polymer films.

To further expand on this possibility and serve as a proof-of-principle, this chapter details
the printing of a copper coil on paper, which was then used as a sensor to detect strain on a
carbon fibre composite laminate. This was made possible through the use of the pulsed laser
sintering module which:

(i) prevented damage to the underlying substrate, and;

(ii) allowed for the selective sintering of the final layer of copper nanoink to form inter-
connects from the centre of the coil to a dedicated area for soldering.

The sensor was used to detect the strain of carbon fibre laminates which were actuated
through magnetostriction, which is the mechanical deformation of a magnetised structure
through the application of a magnetic field. Finally, the inkjet-printed sensor was compared
to others of a similar type and purpose and the results described in the later section. The next
section elaborates on magnetostriction and the uses in research and industry. It then follows
by providing a background of the types of sensors which are used for magnetostrictive
applications, leading to the specifications for the inkjet-printed sensor.
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6.1.1 Magnetostriction

Magnetostriction is a phenomenon which occurs when a ferromagnetic body deforms me-
chanically as a function of the direction of an applied magnetic field H, until it reaches a
plateau value of λ . From an atomic perspective, magnetostriction is caused by the interaction
of the atomic magnetic moments in a crystal lattice and the elastic bond length. To better
illustrate this, ferromagnetic materials are internally divided into “domains”, as shown in
Figure 6.1(a) – (c) below. In a single “domain”, molecular dipoles are aligned long the
same orientation in a way which minimises the interaction with other domains and hence
the internal energy of the ferromagnetic material as well. This is also called the relaxation
state of the material. When the material is subjected to an applied magnetic field, the field
stimulates the realignment of the molecular dipoles along the magnetic field in such a way
that it causes an expansion or contraction of the overall material, resulting in a strain. The
material is then in a magnetostrictive state, as shown in Figure 6.1(d) below.

Fig. 6.1 Illustration of the “domains” in a ferromagnetic material with (a) a single domain,
(b) two domains equally divided, and (c) four domains resulting in the least internal energy
of these three models. (d) represents a ferromagnetic material which expands in the magne-
tostrictive state when a magnetic field is applied.

This maximum strain is limited by the saturation magnetisation, which varies depending
on the type of material as well as the alignment of the applied magnetic field along the crystal
axis. The maximum strain also corresponds to a 90° domain rotation over the total volume of
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the material, after which no more strain can be observed due to the optimum alignment of
the domains. Upon the removal of the applied magnetic field, and subsequently the removal
of external stresses, the ferromagnetic material reverts to the inherent crystal anisotropic
alignment which results in the least internal energy [272].

There are several uses for magnetostrictive materials due to their ability to convert
electromagnetic energy into mechanical energy reversibly, and this is exploited in the form
of sensors and actuators. Perhaps the most common application is a transformer which uses
magnetostrictive materials obeying Faraday’s law to generate an electromotive force in the
transformer. This property is, in turn, used to transmit AC voltages across the primary and
secondary circuits. The constant rotation of the molecular dipoles in the domains results in
the magnetisation and demagnetisation of the core of the transformer, which alters its physical
dimensions [273]. This alteration results in the humming sound of the transformer. Other
applications prospects of magnetostrictive materials are in the form of sonar transducers,
contactless torque sensors, encoders and mechanical vibrators such as ultrasonicators [274].
These have some unique advantages as they can be made into a contactless technology
once the ferromagnetic material is encased in an insulative housing, making it impervious to
leakages and external contaminations. However, there are many cases where magnetostriction
is undesirable, particularly due to the introduction of energy losses in the form of heat or
noise related to the material hysteresis.

6.1.2 Sensors

Magnetostriction can be measured by using sensors which detect changes in magnetic fields.
For example, the most common sensors used for decades are hall-effect sensors, commonly
used in the automotive industry to sense position, distance and speed; and strain gauges
used to detect the changes due to the applied magnetic field [275]. Nowadays, anisotropic
magnetoresistance (AMR) sensors are being used instead due to their more precise sensing
capabilities. AMR sensors differ from traditional hall-effect sensors due to their omnipolar
sensing (measuring from either north or south pole), and have an increased sensitivity and
range. Inherently, these sensors function by the magnetoresistive element, which essentially
measures the change in resistance due to the application of a magnetic field. With the addition
of amplifiers, comparators and outputs, these AMR sensors can be made extremely sensitive
and reliable for long-term applications in integrated circuits. The research by Hott et al. [276]
described the increased sensitivity of measured magnetic fields by using an AMR sensor,
clearly highlighting the advantages to applications where size is a constraint.
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The magnetoresistive aspect of quantifying magnetostrictive materials is further investi-
gated in the next section which describes the comparison of inkjet-printed coils and 3D coils
on carbon fibre composite laminates actuated by a magnetostrictive ribbon.

6.2 Experimental Section

2D inkjet-printed copper induction coils for magnetostrictive structural
health monitoring: A comparison with 3D air coils and an AMR sensor

6.2.1 Introduction

Carbon fibre reinforced composites (CFRC) consist of a polymer-like matrix that are rein-
forced by carbon fibres. These CFRCs have a wide range of applications in products that
require a low weight but high strength and stiffness such as in bridges, aerospace applications,
and wind turbine blades. With decreasing marginal fuel efficiency improvements in the
aviation industry [277], these lightweight composite materials are highly sought for the
reducing the weight of aerospace components. For example, the Airbus A380 and Boeing
777 introduced in 1995 and 2005 respectively, have structural masses containing about 20 %
composites. Recent models such as the Boeing 787 and Airbus A350, introduced in 2011
and in 2015, have an even higher structural mass made of about 50 % composites.

In spite of their unique structural properties owing to their composite strengthening
fabrication process, CFRCs are susceptible to failure in multiple different ways, often
not apparent to the human eye. Consequently, significant investment is being made for
non-destructive testing methods to monitor structural parts during maintenance procedures,
real-time operation, or to validate parts before they are used in structural applications. The
next generation of non-destructive testing is termed structural health monitoring where
repeatable and reliable non-destructive testing is used to ensure continued strength of a
composite structure [278, 279]. These technologies allow the remaining service life of
the material to be predicted prior to catastrophic failure [280]. Some examples of major
SHM techniques currently being studied in composites are fibre optic sensors, piezo-electric
sensors, electrical strain gauges, and ultrasonic sensors [281].

Recently there have been numerous research contributions describing the making of
“smart” CFRCs with the addition of magnetostrictive materials for applications in aerospace
composites for structural health monitoring. Together with 3D sensors, the damage in a
composite sample can be detected at multiple levels and monitored in the long run. However,
these 3D sensors are bulky and can benefit from a reduction in dimensionality and mass,
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without compromising their sensing capabilities in terms of accuracy and high fidelity. In this
experiment, inkjet printing and pulsed laser sintering were used to manufacture 2D inductive
copper coils (in the form of thin films), which were compared with 3D sensors in the form
of hand-wound copper coils and an off-the-shelf AMR sensor. The coils were tested on a
variety of fabricated composite samples to determine their sensing efficacies at each instance.

The samples were characterised by measuring their inductance response through induced
strain. An increased sensitivity and accuracy of the 10-turn monofilar inkjet-printed sensor
was described in respect to (i) a 70-turn hand-wound coils, (ii) a 3-axis off-the-shelf AMR
sensor, and (iii) other inkjet-printed sensors with less than 10 turns. The increased perfor-
mance of the 10-turn monofilar inkjet-printed sensor is attributed to an increased contact area
to the composite surface and the minimum sensitivity level achieved by the fine features of
the sensor (i.e. number of turns and surface area) for strain detection.

6.2.2 Materials and methods

Composite sample fabrication

To manufacture the first composite laminate, twill weave carbon fibre prepreg sheet VTC-401
supplied by SHD Composites Ltd. were chosen. A 4-ply laminate measuring 150×100×
4.5 mm was fabricated using the vacuum bagging technique to eliminate the presence of
air pockets during the curing process. A Fe78Si7B15 magnetostrictive ribbon was placed
on the top surface of the laminate, followed by a breather layer of fluoropolymer (which is
whimsically called “fluffy bunny”) on top of the prepreg stack, and finally vacuum sealed
at -29 mmHg. The laminate was then placed in an autoclave set at a pressure of 6 bar and
the curing cycle was initiated as per the graph in Figure 6.2 below. The curing cycle began
with an initial ramp until 60 °C at a rate of 3 °C/min, followed by a dwell time at this
temperature for 60 min. The temperature was then increased to 120 °C at a rate of 3 °C/min,
and maintained for another 60 min. The curing cycle was finally completed and allowed to
cool down to room temperature.

The second set of composite laminates was made using a similar method, although instead
of placing a magnetostrictive ribbon, a 300 µm actuator layer consisting of epoxy impregnated
with magnetic particles was placed on top of the prepreg laminate. The composition of
the epoxy to hardener ratio was carefully chosen to avoid either actuator failure before
composite failure, or the sensitivity of the actuator to an induced strain would be too low.
To prevent these two scenarios, a plasticiser was added to improve the control over the
mechanical properties of the fabricated actuator. Plasticisers can be categorised into four
types: polyimides, carboxyl-terminated polymers, polyglycol diepoxides, and polysulfides
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[282]. In spite of introducing a higher level of flexibility in the epoxy, plasticisers have
an adverse effect on the strength, chemical and solvent resistance of a sample. Hence, a
compromise was made between the plasticiser to epoxy ratio in such a way to optimise the
mechanical properties and the flexibility of the actuator layer.

Fig. 6.2 [Left] Graphical representation of the various stages in the curing cycle of the carbon
fibre laminates, showing the change of temperature as a function of time as well as the change
in pressure. [Right] Snapshot of the vacuum bagging process.

The addition of polyglycol diepoxide to the epoxy resulted in a significant decrease in
flexural strength, while the use of carboxyl-terminated polymers (e.g. carboxyl terminated
butadiene-acrylonitrile) introduced unsaturated carbon bonds within the structure. During
the post-fabrication process these bonds, when exposed to external environmental factors
such as heat and atmospheric pressure, can lead to further unwanted curing resulting in a
reduction in flexibility. Additionally, the epoxy and carboxyl-terminated polymers mixture is
prone to oxidation, which can weaken the end-product over time [283]. Finally, the choice
for the remaining two plasticisers can be supported by the previous study by Lim et al. [284]
in which they used a polysulfide polymer in a ferrite-epoxy system and showed no adverse
effects on strain sensing. This concludes the choice of plasticiser for the experiment, and
hence, a Thiokol-LP3 polysulfide polymer purchased from Wessington Group Ltd. was added
to the epoxy layer for the second composite laminate. The resin of choice was Epikote-828
purchased from Delta Resins Ltd. and contained bisphenol A and epichlorohydrin. A reaction
catalyst (Diethylenetriamine from Alfa Aesar) for the epoxy curing process was also added.
The ratio of Epikote-828 to amine was calculated by utilising its equivalent epoxy weight
(EEW) of 184 – 190 g/equivalent, and it was averaged to 187g/equivalent. Based on this
value, the calculated ratio for a stoichiometric reaction is 100:11 [285].
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The reaction process can be summarised below:

E pikote 828 + Amine + T hiokol LP3 + Magnetic particles →△ E poxy + Magnetic particles
(6.1)

The second set of composite laminates were impregnated with iron (Fe) and nickel (Ni)
magnetic particles with a range of particle size. An 80 µm sieve was used to separate the
particles, which were then co-cured in the epoxy layer. Four samples were manufactured in
this second set of laminates:

(i) CF laminate with Nickel particles of less than 80 µm in diameter (Ni < 80)

(ii) CF laminate with Iron particles of less than 80 µm in diameter (Fe < 80)

(iii) CF laminate with Nickel particles ranging from 80 – 200 µm in diameter (Ni: 80 –
200)

(iv) CF laminate with Iron particles ranging from 80 – 200 µm in diameter (Fe: 80 – 200)

Finally, the CF laminates were cut to the desired testing dimension of 150×25×4.5 mm
using a tile cutter.

Sensor fabrication

To sense the distortion of the composite samples, five different sensors were compared. Three
of them were inkjet-printed with different windings, the next was hand-wound in the form of
an air coil sensor, and finally an off-the-shelf AMR sensor was used as a benchmark.

The research by Fuller et al. [62] describe the fabrication of an inkjet-printed circular
resonant inductive coil with 10 turns, and the importance of the number of windings as a
function of inductance sensitivity. This was also supported by the research by Correia et al.
[15] which demonstrated the printing of a high-density coil in the form of a square pad with
a turn density of 25, resulting in a high inductance coil. However, the report also suggested
that the denser windings resulted in a complicated the printing process which was more
susceptible to failure due to shorts, as well as the large area required to print the inductance
coils. McKerricher et al. [286], on the other hand, fabricated simpler spiral inductors ranging
from 1.5 to 3.5 turns and reported comparable values of inductance once the conductivity of
the printed ink was optimised.

In this set of experiments, two spiral coils of a monofilar arrangement were inkjet-printed
with 5 and 10 windings, followed by a bifilar coil with a 5/5 winding arrangement, as shown
in Figure 6.3(a) – (c) below. The inkjet printing process optimisation is described in a later
section below.



6.2 Experimental Section 159

The hand-wound copper coil, shown in Figure 6.3(d), was made using copper wire of
a diameter of 224 µm which was turned clockwise around a plastic M3 washer to maintain
uniformity. 70 turns were chosen based on the previous experimental results obtained by
Vincent et al. [287], which resulted in a better performance and was more sensitive in
responding to the induced strain. The hand-wound coil was connected to a handheld LCR
meter (Model 880, BK Precision Ltd.) which was used to measure the change in inductance
during the experiment.

Finally, the off-the-shelf AMR sensor which was used as a benchmark was a HMC5883L
from Honeywell Ltd (Figure 6.3(e)). The sensor was connected to an Arduino microcontroller
to record the data.

Fig. 6.3 Snapshot of the (a – c) inkjet printed coils, from the monofilar_5n, monofilar_10n
and bifilar_5/5 respectively, (d) hand-wound coil, and (e) off-the-shelf HMC5883L AMR
sensor.

Testing rig and procedure

The testing procedure involved replicating a deformation scenario using bending jigs of
known radii to replicate the strain which the composite laminate would be subjected to,
as shown in Figure 6.4. Bending rigs of test radii 300, 400, 500 and 600 mm were used,
corresponding to microstrain values of 1.67, 1.24, 0.98, and 0.81, respectively. The sensors
were placed on top and in the middle of the composite laminates above the magnetic actuator
component, followed by the application of stress according to the shape of the bending rig.
The induced deformation within the composite laminate creates a change in magnetisation of
the actuator, which causes a change in inductance within the sensor and eventually recorded
by the data acquisition system. The background inductance value, i.e., the inductance prior
to the application of strain, of each sensor was measured and used to reduce the background
effects, and the change of inductance was used as a comparison to eliminate any systematic
error within the system. This process was repeated at least three times for the different
bending radii, and the data recorded can be used to compare the different types of sensors.
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Fig. 6.4 Illustration of (a-c) the twill weave carbon fibre (CF) composite laminates with the
different magnetic actuators as labelled, (d) the start of the testing procedure of the carbon
fibre sample, showing the placement of the sensor and the data acquisition device (DAQ) on
the bending jig of test radii 600 mm, and (e) the end of the testing procedure, showing the
application of force F on both sides of the CF laminate and the subsequent deformation, ∆L,
when viewed from the top.

Inkjet printing

Inkjet printing was done using the Jetlab IV printer which can build using a 4 printhead setup,
each using a different ink, simultaneously. In this set of experiments, however, only two
printheads were used as shown in Figure 6.5, both having the same 60 µm nozzle orifice. The
first printhead was used to deposit a functional copper nanoparticle-based ink, and the other
a UV-curable insulator ink.

The copper ink was a specially formulated experimental nanoparticle-based ink (Dycotec
Materials Ltd.) which was designed for inkjet printing and using flash sintering as a post-
processing step. It contains 35 – 37 wt.% of copper nanoparticle stabilised in a mixture of
diethylene glycol monoethyl ether and benzyl alcohol. The ink has a matt brown colour as
printed from the copper nanoparticles. A filtration step using a 0.45 µm PTFE filter was
included before transferring the ink to the reservoir for printing. This was done to eliminate
any contaminants which may cause defects or clogs during printing.

The secondary insulator ink was printed to prevent the formation of interconnects between
the coils and the top-most layer. The insulator ink was purchased from the same supplier
(Dycotec Materials Ltd.) and was specially designed for inkjet printing applications as well
as providing a smooth, hydrophilic surface for overprints using other types of inks from the
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same supplier. Hence, the combination of the copper nanoparticle-based and the insulator ink
eliminated the requirement for additional surface tailoring prior to printing the final layer.

Fig. 6.5 Snapshot of the dual deposition system using the Jetlab IV printer from MicroFab
Technologies. The copper ink is shown in the brown reservoir while the insulator ink is con-
tained in the yellow-tinted reservoir. The insulator ink is being printed on the monofilar_5n
coil after the pulsed laser sintering process.

The viscosity of the ink as a variation of temperature is shown in Figure 6.6 below. The
insulator ink has a much higher viscosity at room temperature (25 °C) as compared to the
copper ink, and hence inkjet printing was done using a heated printhead at 40 °C. At this
temperature, the viscosity of the copper ink measured 7.80 mPa · s and the insulator ink 16.0
mPa · s. At this temperature, the printing waveform was further optimised and shown in
Figure 6.6 below. The higher viscosity of the insulator ink, despite being heated to 40 °C,
required a more intricate waveform with the application of a higher voltage for a longer
duration.
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Fig. 6.6 [Left] Plot of the viscosity variation of both the functional copper nanoparticle and
the insulator inks as a function of temperature. The printable region chosen was at 40 °C,
highlighted in light blue on the plot. [Right] Illustration of the waveform used to print both
inks using a 60 µm printhead heated at 40°C.

The substrate chosen was a specially designed 250 gsm thick paper with a thin resin
hydrophilic polymer coating to allow for printed particles to better adhere to the surface of
the paper. The surface temperature was maintained at 40 °C to accelerate the evaporation of
the solvent upon deposition and created a pinned contact line.

In this set of experiments, multi-layer coils were printed as shown in Figure 6.7 below. To
avoid confusion, the term “layer” refers to the distinct geometries which were stacked. Each
layer contains “coatings” of inks, either copper or the insulator ink. The coatings of ink were
varied between two and four coats. In the previous chapters, the term “coating” referred to
“layers”, hence, for the sake of clarity, this is defined as such due to the geometries involved
in this set of experiments.

The droplet spacing was maintained at 50 µm for prints with two coatings, and at 75 µm
for prints with four coatings. This was to ensure the spacing between the windings do not
merge as the aspect ratio of the printed lines is increased due to the additional two coats. The
dimensions of the coils are detailed in Appendix C.2, and are varied according to the chosen
droplet spacing for printing. The first layer, described as step 1 in Figure 6.7, was printed out
of the copper nanoparticle-based ink followed by pulsed laser sintering after drying (step 2).
The second layer was printed using the insulator ink to act as an insulative surface to prevent
interconnects (step 3), followed by UV curing (step 4). Finally, the third layer was printed
using copper nanoparticle to form interconnects from the centre of the coil to the outer pad
(step 5), and was pulsed laser sintered (step 6) to achieve the final product.
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Fig. 6.7 Illustration of the process steps involved in the printing of each set of coils, highlight-
ing the intermediate steps of sintering and curing prior to the printing of additional layers.
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UV curing

The insulator ink which was printed contained a liquid oligomer with a photoinitiator
which required UV energy to cross-link into a stable insulative layer. The curing energy
recommended by the supplier ranges between 500 – 1000 mJ/cm2 and requires incident
radiation between 380 – 390 nm for optimum curing. The energy was supplied using a UV
LED curing lamp from Phoseon Technology Inc. with an emission spectrum ranging from
approximately 390 to 420 nm (shown in figure 6.8), with a peak at 395 nm. The irradiance
of the UV lamp at the peak wavelength can reach a maximum of 4 W/cm2 when the target
material is placed close to the output window of the lamp.

Since the insulator ink requires a quarter of the peak irradiance, the sample with the
uncured insulator ink was placed at a separation of 10mm from the output window corre-
sponding to an irradiance of 60 %. The power output of the lamp was set to 25 %, which
corresponds to an output irradiance of 600 mJ/cm2 – assuming the emission decreases
linearly as a function of output power. The duration of the applied UV energy was set to 15
seconds to ensure the printed insulative layer had absorbed enough energy to cross-link.

Fig. 6.8 [Left] Emission spectrum of the Phoseon Firefly FF200 UV LED lamp, and [right]
the irradiance as a function of distance from the output window. The area highlighted in light
blue indicates the position of the sample underneath the lamp.

Pulsed laser sintering

The laser sintering process was done using the 905 nm custom-built pulsed laser system,
which has proven successful for sintering the copper nanoparticle-based ink from previous
experiments detailed in Chapter 3. Since a similar paper substrate was used as before, the
same laser processing parameters for the first layer was employed for an optimum sintering,
without causing any ablation of the sample. The fluence values used for the sintering process
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is shown in Table 6.1 below. The overlap between each subsequent sintered row of copper
was maintained at 15 % of the beam area superimposed next to each other to ensure the
formation of a continuously sintered copper track, resulting in the most conductive value of
around 35 % bulk conductivity of copper, based on the experimental findings from 3. The
third layer of copper which was printed to form the interconnect from the centre of the coil to
the contact pad was sintered with a lower fluence value as it was found to cause ablation on
the insulator surface. Further process optimisation led to the fluence values shown in Table
6.1, both for two and four coatings of copper ink.

Table 6.1 Table summarising the laser processing parameters for sintering the copper
nanoparticle-based ink on the paper substrate. The fluence is varied to ensure optimum
sintering of the samples.

Layer No. of CuNPs coatings Average power (W) Laser fluence (mJ/cm2)

1 2 0.06430 357

3 2 0.03858 214

1 4 0.08037 446

3 4 0.04822 268

The natural thickness and wetting of the paper substrate resulted in the slight curvature
of the paper which affected the quality of the laser sintering process significantly. The focal
length of the laser beam must be maintained at 8.80 mm, hence any incremental deviation
from this value will affect the focus of the laser beam. Additionally, the paper substrate,
being flexible, must be able to be mounted on the carbon fibre laminate, hence any permanent
adhesion during the laser sintering stage is undesirable (i.e. the use of double-sided adhesive
tape must be avoided). To remedy this problem, the combination of strong neodymium
magnets of 10 mm in diameter and a flat 5 mm thick steel sheet as a base was used as a means
to apply a temporary localised compressive force to the surface of the paper to ensure it
remains flat during the laser sintering process, as shown in Figure 6.9 below.
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Fig. 6.9 Snapshot of the laser sintering process for the monofilar_5n coil. The bottom left coil
under the objective is being laser sintered, highlighting the distinction between unsintered
copper as a dark-brown coating, and sintered copper as a reddish-brown coating, as shown in
the detailed view on the left. The 250 gsm paper substrate is kept flat to the steel plate by
using strong neodymium magnets.

6.2.3 Results and discussion

Change in inductance after 3-point bend test

The inductance values before and after actuation were recorded from the data acquisition
device after three repeats were performed. The average value was then calculated and the
result for the change in inductance was plotted for each bending radius, as shown in Figure
6.10 below. This procedure was repeated for each sensor and for each actuator. To simplify
the investigation of the sensitivity of the coils in relation to the magnetisation of the various
carbon fibre-epoxy laminates, a first order curve fitting regime was employed. Once the data
was plotted, a linear fit was calculated for each graph, with the slope represented by “m”,
the intercept “c” and the coefficient of determination “R2”. These values are recorded in
Appendix C.1.

The observation from the bending test from the various samples highlighted the induc-
tance response decreases with a decrease in strain, that is, a sample when bent using the
bending test rig of radius 300 mm yielded a significantly higher response than when bent
using the other bending test rigs of a larger radius (i.e. the 400 mm, 500 mm and 600 mm test
radii).
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Fig. 6.10 Graphical representation of the inductance response of each sensor on the bending
jigs (300, 400, 500 & 600) when actuated with the different composite laminates containing
the magnetic component. The results from the inkjet-printed sensors are in the first three
rows (monofilar_5n, monofilar_10n and bifilar_5/5).

The coefficient of determination, R2, is usually calculated in order to inspect the quality
of the curve being fit through the experimentally generated data points. A R2 value close to 1
explains how accurately the curve is fit. Therefore, a response with a decreasing trend and a
R2 value close to 1 is desired. The slope of the fit, m, can be understood as the sensitivity of
the inductance coil sensor to the change in magnetisation of the sample. Therefore, a high
magnitude of the slope ‘m’ would justify a decent sensitivity of the sensor, which is indicated
with a blue line, while complex/unexpected sensor behaviour is indicated with a red line.
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Amongst all the samples, the composite laminate with the FeSiB metal ribbons yielded
the best results with an average R2 value of 0.9422 and a negative slope. This can be
attributed to the successful fabrication of the sample and the strong presence of Fe, which
is a ferromagnetic material, thereby making it easier for the sensor to detect the change in
magnetisation. In comparison, the other samples contain far less metal content, which would
make it less responsive to the magnetisation, and eventually this is evidenced by a positive
slope.

Another observation from the plots shows that all the sensors are able to record a better
magnetisation response to the iron-based samples, and as the iron particle size increases,
the response becomes more apparent. A similar trend of an increase in particle size being
advantageous to the sensing performance of the coils is observed with the nickel-based
samples, although they do not appear to be as sensitive as the iron-based samples.

When comparing the different sensors, the hand-wound coil with 70 turns is the least
sensitive (R2 value 0.5014 and does not respond as well as the other sensors when subject
to a change in inductance. However, it may be possible to increase the number of turns
in the coil so as to directly increase its sensitivity, although an increase in sensitivity can
introduce undesirable noise. Furthermore, increasing the number of turns will also increase
the resistance of the coil due to the additional length of copper wire required, thereby
introducing inefficiencies which may reflect in a decrease in sensitivity and contribute to the
noise factor. As an example, the 70-turn hand-wound coil has a resistance of 1.39 Ω. If the
number of turns were to increase to 100, the resistance of the coil would increase to 2.13 Ω,
indicating a 53 % increase in resistance, and ultimately a reduction in sensitivity.

Moving on to the AMR sensor, the slope of each fitted line pertaining to each individual
actuator sample is negative, which indicates a relatively good sensitivity. However, the
average R2 value is 0.4398 which corresponds to a less accurate curve fitting. This can be
explained by the additional sensing in the z-axis (hence in three-dimension), in comparison to
the other coil sensors which can only sense in the x- and y-axis (two-dimension). As a result,
the additional sensing capability of the AMR sensor introduces noise from the surrounding
which ultimately affects the accuracy of the recorded values after actuation.

The inkjet -printed copper coils yielded results ranging from good to excellent. The results
from the monofilar coil with five turns reported a low average R2 value of 0.5005, although
this sensor was able to record a decent response from the Fe < 80 with a R2 value of 0.5406,
contrary to the AMR coil with a R2 value of 0.1349 and the hand-wound coil measuring
an even lower R2 value of 0.0305. This highlighted the efficacy of the monofilar coil in
quantifying the behaviour of the iron sample which was otherwise difficult to investigate
with the hand-wound coil and the AMR sensor. However, it must be noted that this monofilar
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coil contains just five turns which can contribute to the pickup of less noisy data, even though
the acquisition of the less noisy data might have been obtained at the expense of the coil
sensitivity.

To verify this claim, the inkjet-printed bifilar copper coil was tested and the data recorded
using this sensor showed a clear improvement with an average R2 value of 0.6332. This
improvement is not necessarily due to the better sensitivity of the coil but due to the ability of
the bifilar coil to eliminate undesirable parasitic induction and noise. While the improvement
in terms of noise reduction is evident, the R2 value is still low. Additionally, the coil was
unable to record a relatively decent response to the actuation of the nickel-based samples.
Therefore, it can be suggested that an improvement in the noise reduction can be made by
increasing the number of turns, and hence the magnetic field, thereby making the coil more
sensitive to the response upon actuation.

The aforementioned modification was applied to the 10-turn monofilar coil which was
inkjet-printed out of copper. The results obtained using this sensor are the most promising
both in terms of coil sensitivity (m value) and the fitting accuracy (R2 value). The average R2

value is 0.9265 and all the curves have a steep negative slope, implying a relatively superior
sensitivity of this sensor to all the samples. Additionally, the number of turns of the coil are
high enough to increase the sensitivity whilst minimising the noise detection.

The gradients of the response of each sensor to the actuator is plotted in Figure 6.11
below and can be used as an indication of the performance of the sensors. A negative, steep
gradient indicates superior sensitivity, which can be seen with the 10-turn monofilar coil
which was inkjet-printed out of copper.

Fig. 6.11 Graphical plot of the gradients for each sensor and actuator design from their
inductance response.
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Size dependence of the magnetic particles

The variation of the size distribution of the magnetic particles (Figure 6.12) appear to have an
influence on the magnetostrictive properties of the actuators. The dependence of the particle
size for the magnetic performance of particle was highlighted by Popplewell and Sakhnini
[288] in 1995, and the latest research by Li et al. [289] investigated the correlation between
particle size of ferrite oxide particle and their magnetic properties. In their report, they
highlighted the magnetic saturation increases as the particle size increases, thereby making
the samples more magnetic. However, beyond a certain threshold of particle size (related to
the superparamagnetic limit), the internal structure of the particle changes to a multi-domain
configuration, leading to a decrease in the overall performance of the overall samples.

Fig. 6.12 Graphical representation of the size distribution of the iron and nickel particles
used for impregnating the epoxy layer for the carbon fibre laminates.

Following Derjaguin-Landau-Verwey-Overbeck (DLVO) theory, the increase in particle
size changes the interparticle interactions energies and thus (i) leads to an increase agglomer-
ation which can lead to ‘hot spots’ within the epoxy matrix; and (ii) reduces the secondary
stability energy of the agglomeration [290]. In relation to point (i), this was seen from the
results here where the increased particle size leads to a reduction in the sensor sensitivity.
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With regards to point (ii), the reduction in stability energy means that more energy is available
for magnetisation angle reorientation and therefore accuracy increases. This work was also
supported by Kamble et al. [291] who investigated the domain size correlation between the
magnetic properties of nickel-ferrite particles. In terms of the size distribution, Gokturk et
al. [292] experimented with a variation of particle size distribution in nickel-polyethylene
composite samples and reported an increase in magnetic performance as the concentration
and size variation of the particles increased. In terms of this experiment, the size distribution
of the particle is shown in Figure 6.12. The ability of the sensors to detect the change in
inductance appears to be more prominent for the particles of a larger size, and a wider size
distribution.

Selective pulsed laser sintering

The third layer of copper which was printed on top of the insulator layer had a lower
resolution due to the smooth solid surface created after the cross-linking of the insulator ink.
Consequently, four coatings of copper ink caused spreading outside the defined geometry
and onto the copper coils from the first layer, which was detrimental to the performance of
the copper coils. However, the unsintered copper ink is non-conductive by nature, so it did
not cause any shorts unless sintered.

Fig. 6.13 Snapshot of printed copper coils highlighting (a) the ideal desired resolution of the
final layer 3 of copper nanoparticle ink on the insulator layer, (b) the undesired spreading of
the ink due to four coatings of copper on the insulator layer, and (c) the selective pulsed laser
sintering of copper to only render the pattern printed on top of the insulator ink conductive.

The advantage of using laser sintering greatly benefitted this process as the area of
sintering could be selected, as compared to conventional sintering processes where the
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entirety of the sample was subjected to thermal sintering. This selective laser sintering
process ensured only the region above the insulator layer was sintered, thereby preventing
the formation of shorts due to the excess ink which had spread, as shown in Figure 6.13.

Height variation for pulsed laser sintering

The initial set of trials of the copper coils which served as a proof of concept were first sintered
without a mechanism to keep the coils level with the surface. As mentioned earlier, the
disadvantage of the porous nature of the paper substrate resulted in over-wetting, particularly
when four coatings of copper ink were printed. This over-wetting resulted in the surface
curvature of the paper, creating incremental height deviations from the level of the surface.
As a result, the focus of the laser varied due to few millimetres difference in height, ultimately
resulting in a defocussed laser sintering (or no sintering) due to the diffused irradiance, as
shown in Figure 6.14.

Fig. 6.14 Snapshot of a partially sintered copper coil as a result of a height variation, caused
by the bending of paper due to a high moisture content when four coatings of copper were
printed. The unsintered region is outlined in red while the sintered region is outlined in green.

This effect could be easily distinguished by the obvious colour change in regions of
optimum sintering, while regions of no sintering remained unchanged. To further investigate
the uneven sintering (and also the uneven discolouration), a simple two-point probe con-
ductivity test was performed from the centre of the coil to the outer wire. A high resistance
value, or in extreme cases no resistance values, served as an indication of poor laser sintering.
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Further investigations into testing each section of the coil, particularly the unsintered section,
confirmed the high (or no) resistance values within the region, which can be attributed to
partial or incomplete sintering due to the diffused irradiance of the defocussed laser beam.

Use of laser ablation

The pulsed laser sintering process had to be carefully tailored for sintering multi-layers in
terms of the fluence as the high intensity of the laser caused some ablation on the surface
of the cured insulator layer. The reduction in the fluence output by approximately 60 % of
the fluence used to sinter the first copper layer resulted in the optimum sintering, without
causing any surface defects or vaporisation, of the third layer of copper.

This surface vaporisation can be attributed to the decreased adhesive strength between
the interface of the printed copper ink and the insulative layer. The insulator ink contains
between 50 – 70 % of 1,4-butanediol diacrylate which is an acrylic used in epoxy, coatings,
and inks. Upon cross-linking, the surface of the compound solidifies into a translucent
hard surface. The contact angle of the copper ink on top of the insulator ink provides an
indication of the spreading of the ink on the surface, and hence the overall adhesive strength.
From Figure 6.15 below which shows the contact angle measurements for the copper ink
on the cured insulator surface, it can be seen that the contact angle of 42° results in a fairly
well-wetted surface when a single drop is deposited on the surface. However, when two drops
are deposited consecutively at the same exact location, the drop spreads on the insulator layer,
resulting in a relatively poorer resolution of the printed feature.

This phenomenon can be used to support the printing of two coatings of copper ink where
the additional volume from the second coating causes the ink to spread more evenly on the
surface, thereby creating more localised areas of adhesion to the surface.

In the context of this thesis, pulsed laser ablation is undesired due to its detrimental
impact on the additive nature of depositing functional materials. However, in this particular
context for the experiment, the ablation properties of the laser can benefit this manufacturing
process in the form of a micro-machining finish operation, similar to the research published
by Gamaly et al. [193], where the excess material is removed from the surface of the coil
particularly where interconnects are likely to be formed.

The samples with four coatings appeared to cause excessive spreading beyond the in-
sulator layer and onto the sintered coils from the first layer. The pulsed laser output can
be increased beyond the ablation threshold to remove the excess copper ink. However, the
additional volume of material does not appear to affect the performance of the coils from the
first sintered layer, hence for this experiment the ablation micro-machining process was not
explored, but is worth expanding on in future experiments.
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(a) 1 droplet (b) 2 droplets

Fig. 6.15 Snapshot of the contact angle measurement for the copper nanoparticle-based ink
printed on the cured insulator layer. The contact angle measures 42° on the surface. The first
column (a) represents one droplet deposited on the surface, and column (b) represents two
droplets deposited at the exact location consecutively. The second row represents the contact
angle measurement process using image processing software.

6.2.4 Conclusions

In this chapter, inkjet-printed inductive coils were compared with a hand-wound coil as well
as an off-the-shelf AMR sensor used for detecting the change in an applied magnetic field.
The inkjet-printed coils were manufactured using drop-on-demand deposition technology to
deposit functional copper nanoparticle-based ink on a substrate made out of paper, followed
by a pulsed laser sintering process to convert the printed patterns into conductive copper.

The sensors were each tested on carbon fibre laminates with different actuators consisting
of either a magnetic ribbon or magnetised particles. A series of bending tests were performed
using bending jigs of varying radii (and hence varying strain values), and the results from
the tests showed a change of inductance for each sensor when actuated. The change of
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inductance was recorded and plotted for each bending jig, and the comparison for each
sensor and actuator was made. To further elaborate on the sensitivity of each coil, a curve
fitting approach was undertaken as a comparison method, similar to previous research works
[287, 293], and the parameters for the curve fitting were compared for each plot.

The results from the hand-wound coil appeared to be the least promising where the sensor
failed to detect apparent changes in a few cases (success rate 60 %), and in the other cases
the sensitivity of the sensor was very poor. The off-the-shelf AMR sensor proved to be
successful in detecting inductance changes in every case (success rate 100 %), although the
data obtained from the sensor was very noisy due to the three-axis measurement technique
of the sensor. Additionally, the sensitivity of the sensor was relatively poorer for some
actuators. Finally, the inkjet-printed coils were successful in detecting most of the inductance
changes, although the monofilar_5n and bifilar_5/5n had a success rate of only 80 %. The
sensitivity of these two inkjet-printed sensors was relatively better than the hand-wound
and the AMR sensors. The monofilar_10n sensor, however, had a 100 % success rate and a
superior sensitivity compared to all the sensors.

The inkjet-printed sensors have proven to deliver a comparable performance to off-the-
shelf sensors, whilst having the key advantage of having a low profile as compared to the 3D
AMR sensor. However, the additional process steps in printing and laser sintering the sensors
introduce more time-consuming aspects as well as the cost of the overall manufacturing
process. The recent works exploring the use of magnetostrictive materials embedded in
aerospace-grade composites for structural health monitoring can benefit from the inclusion
of inkjet-printing functional material. These sensors can determine damage in the composite
samples that have been made ”smart” with the addition of co-cured magnetostrictive actuators.
Even though the hand-wound copper coils showed lower fidelity compared to the AMR
sensor, the 3D coils showed better sensitivity to strain changes when tested. Therefore, a
dimensionality reduction of the coils may therefore offer several advantages in terms of
overall sensor-actuator weight reduction, the increased sensitivity with a reduced surface
area, and an innovative fabrication process which can be expanded for mass production by
printing the sensors directly on the “smart” carbon fibre laminates.

Some recommendations such as the fabrication of “smart” carbon fibre actuators are
further expanded on in the “Further works” section of the final Chapter 7.2.





Chapter 7

Conclusions and Further works

7.1 Conclusions

This thesis set out to uncover the effects of pulsed laser sintering on functional materials
made out of conductive metallic nanoparticles (e.g. copper nanopartciles), with the aim of
producing printed electronics. To achieve this, first a baseline was established with three silver
inks (a nanoparticle-based ink, an metallorganic decomposition ink, and a reactive silver
ink) which were printed in the form of thin films and converted into functional conductive
patterns after exposure to a thermal energy input by conventional means. Once this baseline
was established, the novel approach of using pulsed laser sintering was investigated as a
potential application for the post-processing step of the inkjet-printed functional material.
This approach proved to be a success on both experimental inks which were investigated, a
silver and a copper nanoparticle-based ink, and this success was quantified by a comparable
electrical conductivity to the respective bulk material, with a maximum of 24.9 % bulk
conductivity of silver and 38.7 % bulk conductivity of copper achieved. Additionally, the
pulsed laser sintering process was performed at ambient conditions on two thermo-sensitive
substrate (PET and paper) without any underlying degradation in the structural integrity,
thereby highlighting the novelty of combining pulsed laser sintering with inkjet printing of
functional materials.

Upon further investigation and survey from literature, other areas which required further
analysis were highlighted and these include the adhesion of the sintered ink to the substrate
as well as the formation of a heat affected zone, which is typical of pulsed lasers (more
specifically pulsed lasers which emit at nanosecond intervals). These areas, deemed at the
interface of the metal-substrate, are not widely reported in literature as researchers have only
focussed on improving the conductivity of metal-based functional inks. The few research
outputs which mention the adhesion quantification of the functional ink to the substrate have
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employed the adhesion quantification guidelines based on current standards (e.g. the ASTM
D3359 Cross-cut test), which similarly have some limitation such as subjective bias. In this
thesis, the subjective bias limitation was circumvented by the use of digital means, whilst
conforming to the guidelines. In terms of pulsed laser sintering, the formation of the heat
affected zone on inkjet-printed functional metallic inks have not been reported in literature,
hence underlying the novelty of this research. Both the adhesion and heat affected zone were
further explored in the following sections and provided some quantitative and qualitative
insight into the performance of the pulsed laser sintered copper nanoparticle-based inks.
Finally, based on the success of these findings, a novel application scenario was investigated
in the last chapter where copper sensors in the form of thin film coils which were pulsed
laser sintered on a paper substrate were used to detect an induced deformation. The selective
sintering advantage of the pulsed laser was highlighted in this section where only a particular
region was converted to conductive copper to prevent the formation of short-circuits in the
coils. These coils were then used as strain sensors on carbon fibre composite laminates
impregnated with magnetic particles and ribbons to detect the magnetoresistive change upon
deformation, and the inkjet-printed sensors demonstrated superior performance to other
sensors.

A more detailed summary is as follows:

In Chapter 1, the inkjet printing method was described along with a survey of alternative
sintering technique which could be applied to inkjet-printed functional materials. Emphasis
was made on the trending use of laser sintering due to the distinct advantage of being selective
in the energy deposition method, which can be applied to much finer features within the µm
scale. The laser sintering method can be applied to features printed out of functional materials,
where the thermal energy input from the laser beam is used to activate the functional element
of the ink. The distinct advantages and disadvantages of inkjet printing in printed electronics
are discussed, followed by the latest trends in printing conductive functional inks which
highlighted areas for improvement.

Chapter 2 elaborated on functional inks which can be used for printed electronics and
using inkjet printing as a deposition technology. The the inkjet-printing parameters such
as the printing waveform, droplet spacing and contact angle with the substrate were also
discussed, which altogether affect the geometry of the printed pattern. Then, the sintering
mechanisms are elaborated upon, particularly what happens when there is a thermal energy
input in functional materials. The next section then surveys alternative sintering method, and
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lays the focus on LASER sintering for the applications of the research in this thesis. The
literature review of laser sintering highlighted a difference between continuous wave and
pulsed laser, where continuous wave lasers were limited by the excessive heat generation upon
irradiation (hence they require substrates which can sustain the high temperatures), and pulsed
laser were mainly portrayed as micro-machining operations due to the ablation phenomenon
caused by their inherent “ON/OFF” mode of operation of pulsed lasers. However, there
has been a study where screen-printed copper paste on a high glass transition temperature
substrate, polyimide, was pulsed laser sinter under an inert atmosphere. Upon closer analysis,
the reported successful outcome was due to the irradiation prior to the ablation threshold
where the energy in the laser beam is absorbed in the copper paste, and was sufficient to
initiate sintering without causing any vaporisation of the material. The interaction of the
pulsed laser irradiation with the printed pattern highlighted grounds for investigation in the
following chapters, and henceforth a pulsed laser was solely used as a method of sintering
the inkjet-printed conductive patterns for the first time.

Chapter 3 provides all the relevant details of the materials and methods used throughout
this research, including the theory and experimental techniques for inkjet printing and
characterisation. Additionally, the analytical section describes all the testing apparatus used
to perform an analysis of all the samples, including the custom-built four-point probe test
station, cross-cutter and the bespoke pulsed laser sintering station.

In Chapter 4, the first experimental chapter which sets the baseline, conductive materials
such as a silver nanoparticle-based ink, a silver metallorganic decomposition ink, and a
reactive silver acetate-based ink, are chosen to explain the particular heat treatment mecha-
nisms such as sintering, thus establishing the baseline. It was found that during the sintering
mechanism, the conductivity of the printed patterns improved through agglomeration of the
particles, which in turn improved their electrical and mechanical properties. A deeper analy-
sis is done on the electrical conductivity, porosity and particle size distribution after optimum
conversion to a conductive pattern to establish the baseline of the expected performance for
conductive inkjet-printed patterns.

Chapter 5 investigates the use of a pulsed laser for the sintering of a copper and a
silver nanoparticle-based ink, with particular attention to the electrical performance and
morphology of the printed patterns, as well as the laser processing parameters such as the
overlap and fluence which affect the final pattern. In the first experimental section, the
ablation phenomenon was observed at high laser fluence values and also at a high overlap
due to the “snake-scanning” approach during sintering. The ablation was mitigated by
optimising both the laser fluence and the overlap, which also indicated an area which required
investigation due to the poor adhesion to the substrate and the excessive energy input in the
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next experimental section II. Due to the inherent nature of pulsed lasers which can be turned
ON/OFF in a matter of nanoseconds, or even shorter in picoseconds or femtoseconds for
ultra-high performance lasers, the thermal damage is restricted as it allows the target material
to absorb and dissipate the energy periodically. The results from the experimental section
indicate the comparable performance of using a pulsed laser for the sintering process of
copper and silver nanoparticles on a variety of substrates, including two thermo-sensitive
substrates such as PET and paper, which indicates the novelty of the combined used of pulsed
lasers with inkjet printing at ambient conditions.

Then, the second experimental section of Chapter 5, a copper nanoparticle-based func-
tional ink was preferred throughout this research due to its inherent low cost and the compat-
ibility with the pulsed laser sintering. The special formulation of the copper ink does not
require the need of an inert atmosphere for the sintering operation, contrary to conventional
thermal sintering which requires the removal of oxygen from the sintering atmosphere to
prevent the formation of copper oxide, which is detrimental to the performance of the printed
pattern – provided the sintering is done by means of a laser. Since the experimental observa-
tions from the previous experimental section I indicated some ablation at some particularly
high laser fluence values approaching the ablation threshold, this range of laser fluence was
investigated in regard to the adhesion of the printed pattern. First a discussion on different
types of adhesion tests was done, highlighting the pros and cons of each method until the
decision to follow the cross-cut test procedure based on the ASTM F1842-15 standard, with
a modification to eliminate the subjective bias of the observer, was made. As the adhesion
properties of a thin film metal-polymer system is seldom reported in experimental findings,
this experimental section of Chapter 5 investigated the adhesion of the optimised laser sin-
tered copper nanoparticle-based ink on four substrates: glass, PET, Kapton PI and paper. The
top-down method of laser sintering (contrary to the bottom-up conventional sintering regime)
resulted in printed features which exhibit good adhesive properties due to a good wettability
on substrates of choice, i.e. a contact angle less than 90°. The adhesion tests evaluation
revealed the best performance to be the copper printed on the two polymer films, while the
paper substrate was classified in a lower category due to the printer copper ink on paper being
prone to oxidation if unsintered and left exposed at atmospheric conditions after a few days.
Nonetheless, the adhesion classification for the copper printed on all the substrates enabled
application in mid- to low-end printed electronics, based on a survey carried out with several
industrial manufacturers.

The third experimental section III of Chapter 5 investigated the heat affected zone
formation approaching the ablation regime. It was found that below the optimum sintering
threshold, the heat affected zone is very minimal, while above the optimum sintering threshold
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approaching the ablation threshold, the heat affected zone can be observed on all three
substrates – PET, Kapton PI and paper. Laser fluence values above this threshold can either
result in the removal of the printed material through vaporisation or damage to the substrate,
or a combination of both in extreme cases.

Finally, Chapter 6 set the overall experimental results from Chapter 5 into an application
context. Printed electronics can benefit various fields of engineering, and one example is the
non-invasive structural health monitoring of carbon fibre reinforced composites (CFRC). By
exploring the magnetostrictive aspect of carbon fibre samples impregnated with a magnetic
element (either in the form of a ribbon or microparticles), the deformation of these CFRCs
can be detected in the form of a strain by using a sensor. The added benefits of using an
inkjet-printed sensor include a reduction in size while maintaining comparable (and in some
cases, improved) sensing capabilities in terms of accuracy and fidelity to another fabricated
sensor and an off-the-shelf sensor. The experimental section of Chapter 6 explored the
sensing performance of inkjet-printed copper coils on paper which were pulsed laser sintered
and applied to the CRFC actuators, and the results from the experiment indicate the superior
performance of a 10-turn inkjet-printed coil, hence demonstrating the clear benefits of inkjet
printing technology. Additionally, the pulsed laser sintering aspect enable the sintering to be
performed on thermo-sensitive substrate, whilst expanding on the selective sintering aspect
to convert only a particular region to prevent the formation of electrical shorts.

7.2 Further works

The facilitation of inkjet printing functional material by advances in novel materials on the
nanoscale has driven the push for using inkjet deposition technology as a greener, cost-
effective and additive implementation in industry. Hence, it is worth exploring alternative
metallic nanoinks made out of nickel or aluminium for their attractive prices and different
application possibility based on their mechanical properties. The combined use of pulsed
laser sintering with inkjet printing can supplement the range of conductive inks, although the
compatibility of nickel and aluminium nanoparticles with pulsed lasers must be studied in
terms of absorption spectrum and heat affected zone formation. As the pulsed laser used in
this research successfully converted copper without the formation of copper oxide, a similar
experiment can be carried out with aluminium to prevent the formation of aluminium oxide.
Alternative substrates can also be investigated, such as PEN for the optical transparancy, to
elaborate on the use of pulsed laser sintering without causing damage to the substrate.

The results from the experiment carried out in Chapter 6 illustrated the successful
implementation of pulsed laser sintering on a thermo-sensitive substrate at ambient conditions,
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as well as the multi-layer aspect of printing a conductor-insulator-conductor circuit. There
have been numerous studies of printing a functional metallic nanoparticle-based ink on an
epoxy layer, hence a potential next application step is to print directly on the epoxy layer of
the carbon-fibre and perform the pulsed laser sintering. Since the pulsed laser has proven
to not cause any damage to the substrate, the feasibility of this application can be explored
through another experiment with the aim of producing similar inkjet-printed copper coils
as sensors and supressing the use of paper as a substrate. As a first step, the effects of
pulsed laser sintering on the carbon-fibre laminate must be investigated to ensure the laser
penetration depth does not thermally degrade the epoxy layer or create a heat affected zone,
thereby introducing stress concentration areas. An optimisation of the laser fluence used for
the sintering of the functional copper nanoparticle-based ink must be made.

As a recourse, if the epoxy layer interacts with the copper ink, or the constituents (e.g.
solvent) of the copper ink interacts with the epoxy layer, a surface treatment on the epoxy
layer can be made to ensure a smooth and unreactive surface. This can be in the form of a
larger insulative layer by using the same insulator ink, or another more inert insulator such
as SU-8 or PDMS in case the insulator ink interacts with the carbon-fibre epoxy layer. The
final copper layer can be printed on top of the chosen insulator layer, and if there is some
overspreading as observed with four coatings of copper, the ablation phenomenon of the
pulsed laser can be applied in this scenario with the aim of removing the excess copper ink.
This can be made to ensure the excess copper does not interact with the previous layers.
In section 6.2.3 of Chapter 6, the uneven sintering of the copper coil was discussed due to
the curvature of the wetted sample. As the current flows through the coil, the added heat
generation from the interaction with the electrons during current flow may incite electrical
sintering over time (as described in section 2.2.1 of Chapter 2) – a topic which raises further
questions and investigation.

Finally, to prevent the delamination of the finished copper coil from the CFRC, an
encapsulation layer in the form of a similar insulator layer made out of the insulator ink, SU-
8 or PDMS can be added to the final layer of copper after the interconnects with the sensors
have been made to ensure the longevity of the coils within the CFRC. The encapsulation
layer can potentially be combined with the vacuum bagging process whereby the epoxy is
co-cured with the copper coil. However, additional research is required to observe the effects
of vacuum bagging on the copper nanoparticle-based ink at 120 °C for long durations. This
experiment can be targeted at “Embedded electronics”, with the aim of producing “smart”
CFRC samples, and a flow chart of the design of experiment can be represented in Figure 7.1
below.
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Fig. 7.1 Illustration of the process steps involved in the design of experiment for the “smart”
CFRC samples.
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A.4 Four Point Probe test station
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A.5 Sheet Resistance formula derivation

The following derivation is extracted from references [294–296].
Assuming a sharp probe contacting and injecting current into a thin film of thickness, t.

In this case the current travels away from the probe through the material in short cylindrical
shells of equipotential, each having a current density, J, of:

J =
I

2πrt
(A.1)

By applying Ohm’s law (E = ρJ) with the electric field across each shell equal to the
voltage drop over the shell thickness, and with the thickness of the shell tending towards
zero, the electric field across each shell is:

dV
dr

=−ρs

(
I

2πrt

)
(A.2)

As the sheet resistivity, ρs, has already been defined as the sheet resistance, Rs, multiplied by
the thickness of the material, the previous equation can be rearranged as:

dV
dr

=−Rs

(
I

2πr

)
(A.3)

This can be integrated between r and r′ to obtain:

V −V ′ =
IRs

2π

(
ln

1
r
− ln

1
r′

)
=

IRs

2π
(ln r′− ln r) (A.4)

As the four-point probe measures the voltage difference between different points, the voltage
will never tend to zero. Additionally, we assume the thin film thickness, t, is negligible
compared to the probe spacing, s. As the current is injected in probe 1 and recovered in probe
4, the equation can be resolved into:

V =
IRs

2π
(ln r4 − ln r1) (A.5)
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And the voltages measured at probes 2 and 3 are:

V2 =
IRs

2π
(ln 2s − ln s) (A.6)

V3 =
IRs

2π
(ln s − ln 2s) (A.7)

Hence, the change in voltage, ∆V, is:

∆V = V2 −V3 =
IRs

2π
(2 ln 2s−2 ln s) =

IRs

2π
ln 2 (A.8)

Which can be rearranged for Rs as:

Rs =
π

ln 2
∆V
I

= 4.53236
∆V
I

(A.9)
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A.6 Cross-cutter Assembly and Technical Drawing
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B.1 Pulse overlap variation analysis
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B.2 Heat Affected Zone RAW SEM data
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C.1 Summary of the fitted values for the change of induc-
tance plots of each coil
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C.2 Dimensions of the three inkjet-printed copper coils
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