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Abstract

With the increasing demand for flexible electronic devices in applications such as OLED
screens and wearable technologies, there is a large need to find improved manufacturing methods
in order to reduce costs and increase reliability. With traditional photolithography methods relying
on slow and costly processes, the printed electronics industry is becoming a popular alternative.
The deposition of flexible, electrically conductive electrodes and circuits onto polymeric materials
via a printing technology such as, screen and inkjet printing, is becoming an attractive alternative
due to ease of use, system adaptability, processing time, and roll to roll scalability. Most
conductive nanoparticle-based ink technologies rely on silver nanoparticles due to their low
electrical resistivity and high oxidation resistance; however, this method creates inks that are
relatively expensive. In this study, a novel copper nanoparticle-based conductive ink is developed
for use with conductive ink-based printing technologies and is designed to replace silver
nanoparticles due to the immense cost savings. Novel processing techniques are used to increase
oxidation resistance and flexibility along with minimizing resistivity. To prevent thermal damages
to low glass transition temperature polymeric substrates, an intensive pulsed light (IPL) technique
is used to sinter the hybrid ink in order to induce conductivity. To optimize the sintering process,
the IPL technique is then modeled in order to determine the thermal characteristics during the
sintering process and to illustrate the geometric changes that occur during sintering. These
simulations are then used to predict a resistivity for pure copper nanoparticle films of 6.8 pQ-cm
(~4x bulk copper). Copper ink on its own is also prone to thermal cracking, resistivity increases
with bending, and oxidation over time. To mitigate these issues, a hybrid copper ink is created by

adding various components such as graphene nanoplatelets (GNP) and silver. This hybrid ink



demonstrated an improvement in flexibility and durability for bending performance along with
greatly increased oxidation resistance. Another variation of the hybrid copper-silver-graphene
(CSG) ink is also explored by doping the material with various low melting temperature metals,
known as field metals. These field metals are shown to increase overall flexibility and demonstrate
self-healing characteristics. Since stretching and bending processes in printed electronics result in
microcracking over time, the inks need to be healed in order to maintain resistance properties. To
achieve this self-healing, IPL re-sintering is done on the field metal infused inks. The process is
shown to demonstrate complete self-healing without damage to the remaining film and underlying
substrate. In order to make these films useful for circuit applications, a process called selective
IPL sintering is utilized to micropattern the hybrid ink films into useful conductive patterns. The
proposed method is then demonstrated by producing strain sensors in a simple two-step process.
Therefore, this work presents the creation and optimization of a novel copper based conductive
ink that can be used in various printed electronic applications. The various additives in the ink
create a flexible, low cost, oxidation resistant, and even healable conductive ink that will aid in

reducing industry costs and increase reliability for various electronics.
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Chapter 1. Introduction

With 3-D printing becoming increasingly popular, the term “printed electronics” has
started to attract a lot of attention. To fully understand printed electronics, it is necessary to clarify
the difference between conventional printing, electronic printing, and printed electronics.
Conventional printing refers to the creation of media such as books, newspapers and magazines
through laser or inkjet technologies. Electronic printing then refers to the printing of these media
formats with the aid of computers and typesetting technologies. Printed electronics, on the other
hand, refers to the creation of electronic systems, such as integrated circuits and electrodes, via a
printing technology, such as screen printing or inkjet printing (Zheng, 2016).

The printed electronic industry is growing larger and larger with every passing year. With
demands rising for flexible printed electronics in industries such as automotive, transportation,
healthcare, wearable devices, consumer electronics, aerospace, etc. there has been a large push in
recent years to optimize electronic printing technologies such as inkjet, screen, and roll to roll.
This in turn, allows for applications in devices such as transparent conductor electrodes, organic
light-emitting diodes (OLED), thermo-electrics, sensors, RFID tags, batteries, thin-solar films,
OLED screens, etc. (Khan & Lorenzelli, 2015). The resulting industry created from printed
electronic applications currently accounts for USD 6.8 billion in 2018 and is estimated to reach
USD 13.6 billion by 2023 with an estimated growth rate of 15% per year (Markets and Markets,
2018). Therefore, there is still a need to explore and optimize new printed electronic designs to
meet the rapidly increasing demand created by this industry.

Traditional Integrated Circuits (IC) manufacturing processes require an exceedingly

complex set of steps and resulting complex equipment compared to printed electronic



manufacturing methods. For a general photolithography IC circuit manufacturing method, a
multitude of complex steps are required (Rabaey, 1995), such as applying oxidizing layers,
photoresist/photosensitive layers along with UV, acid, and plasma etching processes.
Consequently, it can be determined that a more efficient process, such as printed electronics, is
required. Not only are photolithographic methods complex and expensive, but they have negative
environmental impacts. Large resources must be allocated in order to build clean rooms to avoid
contamination during IC manufacturing and to clean up and depose of potentially environmentally
harmful chemicals used in the etching process, such as ferric chloride. Due to these reasons, printed
electronic technology has been the center of considerable attention recently.

Printed electronics can be divided into a wide variety of subsets. Firstly, printed electronics
refers to any electronic device where the manufacturing method utilizes a printing type technology.
The conductive material can be made from either organic or inorganic compounds, such as poly
(3,4 - ethylenedioxythiophene) or silver, respectively. Printed electronics can then be classified
into various types, such as plastic electronics, flexible electronics, paper electronics, textile
electronics, transparent electronics, and wearable electronics depending on the substrate used in
the printed manufacturing technique (Wong & Salleo, 2009). This work will look at applications
in low temperature flexible electronics where the circuits are bendable, lightweight, non-breakable,
and manufacturable on large surface areas.

Silicon based electronics have been around for nearly 60 years and involve the complex
processes mentioned above in order to manufacture them (Zant, 2004). It was not until the late
1970s where organic electronics started gaining attention and printed electronics research took off.
In 1977, Shirakawa et al. (1977) discovered that polymers could be made conductive by doping

certain organic molecules into the matrix. Consequently, these conductive polymers could be



produced into ink forms allowing for printing on large scales at low cost. It was not until 1994,
however, when Garnier et al. (1991) first reported printing conductive organic electrodes onto a
plastic substrate. Shortly after, layers including the conductor, semiconductor, and dielectrics were
all able to be printed onto PET substrates (Bao, 1997) using a screen-printing technique. While
many advancements have been made in using organic active materials for printed electronic
applications due to their low annealing temperatures, high flexibility and ease of printing on
polymeric materials, there are still many disadvantages to overcome (Wong & Salleo, 2009). The
largest problem with organic conductors is charge mobility, where the resistivity is considerably
higher than their inorganic counterparts. In addition, they suffer from environmental instability
and are prone to oxygen and water vapour fluctuations along with batch to batch inconsistencies.

On the other hand, inorganic printed electronics have been a larger focus to the recent
lowering of cost in nanomaterials such as CNTs (Carbon Nanotubes), GnP (Graphene
Nanoplatelets), and metallic nanoparticles such as silver, gold, copper, and aluminum. When
compared to organic conductors, inorganic conductors have considerably higher electron mobility
and environmental stability making them easier to work with, even if their resistivity is higher than
their bulk metal counterparts. Before the use of nano-particles became popular, micro-particles
were used. Micro-gold particles (greater than 100 nm), for example, required sintering
temperatures of approximately 400°C (Buffat & Borel, 1976) in order to induce conductivity in
the ink. Consequently, these high sintering temperatures greatly reduced the number of compatible
polymer substrates due to glass transition temperature limitations. The advent of nanoparticles
then allowed for a sintering temperature reduction to around 200°C - 300°C (Kang, Ryu, & Kim,
2011) for silver nanoparticles and greatly opened the possibilities for new flexible substrates. This

work will later discuss processing methods that allow for the use of polymer substrates that have



a considerably lower glass transition temperature than 200°C. These methods have allowed
inorganic electronics to be used in printing technologies such as inkjet, screen, gravure, or
flexographic (Khan & Lorenzelli, 2015).

While printed electronics came about in the late 1970s, flexible electronics research started
back in the 1960s and focused around flexible solar arrays (Crabb & Treble, 1967), (Ray, 1967),
where thinning single crystal silicon wafers to around 100 pum was used to induce flexibility. In
the 1980s, roll to roll fabrication of Si:H solar cells onto flexible steels and polymers became
possible (Nath & Izu, 1985), which lead to the creation of thin film transistors (TFTs) circuits onto
polyimide sheets using a complex photolithography method (Constant et al., 1995). This was later
expanded into laser annealing of polycrystalline TFTs onto other plastic substrates (Yang et al.,
1997), (Smith, Carey, & Sigmon, 1997). Lately, the flexible electronics industry has been focused
on incorporating printed electronics into manufacturing techniques in order to reduce the cost of
final products. In 2005, Philips demonstrates a rollable electrophoretic display, and more recently
in 2019, Samsung and Huawei released their first consumer foldable OLED phone screen products.
Both these phones, however are approximately double the cost of their, rigid, non-flexible
counterparts and have had significant issues upon release. Therefore, there is a need to replace the

complex photolithography methods, with a more cost-effective printed electronics approach.

1.1 Metallic Nanoparticle Sintering

For films of inorganic metallic nanoparticles to become conductive, a process known as
sintering needs to occur. Sintering is defined as “the process of compacting and forming a solid
mass of material by heat or pressure without melting it to the point of liquefaction” (Oxford

University Press, 2009). Since nanoparticles deposited onto a film have minimal contact areas, the



overall conductivity of entire film will be extremely low (resistance in the order of MQ) or non-

existent. This is due to the lack of formed conductive networks or “paths throughout the film.
Consequently, the surface contact between nanoparticles needs to increase in order to induce
conductivity. The process of increasing this contact area is known as sintering. With metallic
nanoparticles, there are essentially two factors that can induce sintering; temperature and pressure.
By increasing the temperature or the pressure, the nanoparticles can begin to bond together by
slightly melting at the contact points and create “necks” between the particles (Pan, Ko, &
Grigoropoulos, 2008). With a high enough application of temperature or pressure, a conductive
pathway can form and lower the resistivity of the entire sample. Figure 1.1 illustrates a simplified

process for nanoparticle sintering.

Temperature or
Pressure

[

Figure 1.1: Process of metallic nanoparticle sintering from temperature and/or pressure

application.

To sinter metallic nanoparticles, multiple general methods can be used such as:
conventional thermal sintering (Halonen, Viiru, Ostman, Cabezas, & Mantysalo, 2013), laser
sintering (Auyeung, Kim, Mathews, & Piqué, 2007), low pressure argon plasma exposure

(Reinhold, Hendriks, Eckardt, Kranenburg, & Perelaer, 2009), microwave radiation (Perelaer,



Klokkenburg, Hendriks, & Schubert, 2009), electrical sintering (Allen et al., 2008) and intensive
pulsed light (IPL) sintering (Chung, Hwang, & Kim, 2015).

For metallic nanoparticle sintering, there are a wide variety of nanoparticles to choose from.
The three most common choices for practical application and research are gold, silver and copper.
All three materials have similar bulk resistivity properties of 2.04, 1.78, and 1.65 uQ-cm for gold,
silver and copper, respectively. On the other hand, the bulk price of each material varies by orders
of magnitude from gold to silver to copper. In addition, copper (especially copper nanoparticles)
is extremely prone to oxidation in the presence of air and can form copper oxide films relatively
quickly (Yabuki & Tanaka, 2011). These oxidized films then have a bulk resistivity of around 250
- 550 Q-cm (Figueiredo et al., 2008). Consequently, most research has focused around using silver
nanoparticles in order to balance out cost and minimize problems with oxidation; however, the
cost of silver versus copper still varies by an order of magnitude. Therefore, the research that is
presented in this work will focus on using copper nanoparticles with oxidation mitigation
techniques. These techniques involve intensive pulsed light sintering methods, ink formulation

methodologies, and additives that can mitigate oxidation for post processing.

1.2 Intensive Pulsed Light Sintering

In this work, intensive pulsed light sintering (IPL) is extensively studied and optimized for
use in printed electronic applications. IPL sintering works by quickly pulsing a high intensity
xenon flash onto a metallic nanoparticle film. The pulse of intensive light is broadband (~350 —
1050 nm, depending on the equipment), and can be adjusted for pulse durations as short as 1 ms.
By taking advantage of certain mechanisms, such as the plasmon effect (Han et al., 2014), copper

nanoparticles can be locally heated to sintering temperatures of ~220°C from this light pulse



(depending on the pulse power and duration) (Hwang Y.-T. , Chung, Jang, & Kim, 2016) while
keeping the substrate temperatures considerably lower. This in turn, allows for highly flexible and
low melting point substrates to be used such as polyethylene terephthalate (PET) or
polydimethylsiloxane (PDMS) without substrate damage or warpage. Figure 1.2 below illustrates

a simple schematic of the IPL process.

Reflector Flash light

l Xenon lamp

Figure 1.2: A basic setup for a xenon flash IPL onto a film of inorganic conductive

nanoparticles.

Again, since the heating of copper nanoparticles is localized at the grain boundary of the
particles and only on particles near the surface, a large temperature gradient occurs. This gradient
keeps the substrate remaining relatively cool with sintering temperatures occurring at the surface.
This phenomenon does not occur in conventional thermal sintering and therefore allows for the
use of considerably more polymer substrates, especially those that are flexible and have low glass

transition temperatures.



1.3 Motivations

The main motivation behind this work is to create simple printed integrated circuits using
a novel variation of conductive ink. These inks can then be printed onto a wide range of substrates
from flexible polymers to rigid surfaces and can even be combined with 3-D polymer printing
processes. With the basis of most flexible electronic technology utilizing gold or silver
nanoparticle based conductive inks (or indium tin oxide (ITO) in the case of transparent
conductors), there is also a need to find a lower cost material to open new potential applications
and lower the overall cost of final products based on this technology.

Consequently, the use of copper nanoparticle based conductive ink with IPL sintering
techniques is explored in order to create a low-cost, simple, and rapid printed electronics
manufacturing technique. With the use of copper nanoparticles, oxidation has been a major issue
that limits potential applications. This work will focus on creating a novel variation of conductive
ink that eliminates immediate oxidation and greatly reduces oxidation over time. Copper
nanoparticle inks on their own can also be extremely fragile. The branching sintered nanostructure
that is created is prone to cracking and breaking under tensile and bending stresses. Consequently,
when applied to flexible substrates, cracking and delamination issues have been significant
problems that greatly reduce the lifetime durability of the printed ICs. To overcome these issues,
various additives such as graphene nanoplatelets and low melting temperature metals are added to
increase ink flexibility and durability.

Creating intricate 1C patterns using printed electronics techniques has also been shown to
be a slow and complex process. Direct inkjet printing of ICs can be slow and suffers from limited
resolution capabilities and low reproducibility. Laser sintering has been able to demonstrate

extremely high-resolution patterns; however, it still suffers from being an extremely slow process



relative to the millisecond sintering time of IPL. Therefore, there is a need for a rapid high-

resolution (um scale) sintering method for printed conductive inks.

1.4 Objectives

The overarching objective of this work is to develop, and test novel variations of copper
nanoparticle based conductive inks that are sintered utilizing IPL. The primary challenges of this
work involve the development of appropriate materials and compositions for the conductive inks
along with optimizing the IPL process to minimize surface and substrate damage while
maximizing conductivity. To overcome these challenges and achieve this overarching objective,
the following subset of objectives are followed:
1.4.1 Modelling of Sintering Temperatures and Electrical Properties

To achieve an understanding of the sintering phenomenon and to effectively design and
optimize experimental parameters, the sintering process is modeled. Using a finite element model
(developed by Mohsen Hassani) the sintering temperature of copper nanoparticles during IPL
treatment is predicted. Then, based on the maximum grain boundary temperature achieved at each
IPL setting from the FE simulation, a Molecular Dynamics (MD) model utilizing an open-sourced
software known as LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) is
created in order to simulate the geometric changes that occur during sintering. The resulting
geometry profile then allows for a resistivity prediction.
1.4.2 Investigate and Optimize Hybrid Copper Ink Compositions

Copper nanoparticle conductive ink by itself is extremely fragile and incredibly difficult to
work with. This work investigates creating a novel based ink called CSG (Copper-Silver-

Graphene) that improves on the standard copper ink. Various additives such as silver-nitrate, PVP



(polyvinylpyrrolidone), and GnP (graphene nanoplatelets) are added with various solvents such as
formic acid and DEG (Diethylene glycol) to improve the overall ink. The composition of these
additives is extensively studied in this work to create an optimized conductive ink that is flexible,
durable, oxidation resistant, and highly conductive. Various low-temperature substrates are also
explored in order to create a durable, flexible conductive ink that has high adhesion and minimal
resistivity changes over time. The mechanisms and chemical reactions along with the light-
sintering phenomenon are also extensively studied in order to optimize the ink to create a simple,
fast, flexible, and highly substrate adaptable conductive ink. To effectively analyze the conductive
inks and determine the resistivity of the sample, the sintering depth needs to be determined. Since
the flash pulse does not penetrate completely through the film, the cross section of the film is
investigated by a 3D optical profilometer. The visual images are then used to determine sintering
depth versus flash power.
1.4.3 Investigate Various Additives to Improve Hybrid Ink Flexibility and Durability

While the CSG inks are optimized for enhanced flexibility and durability, they are still
prone to damage, and resistivity losses over time. Consequently, a variation of the copper-based
nano-ink, Self-Healing Ink (SHI) is studied. To make this ink self-healing, various lower
temperature metals (for example, field metals) such as indium, are infiltrated into the pores of the
copper ink using various methods. The low melting temperature metals within the ink are liquefied
during IPL treatment and can therefore assist in yielding a more flexible and durable ink. The
effectiveness of the self-healing ink is demonstrated by the ability to maintain conductivity after
mechanical bending and stretching. IPL re-sintering of nanoparticles is also carried out to
demonstrate the ability for the inks to regain conductivity after damage and demonstrate self-

healing properties.
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With the sintering effect resulting from the millisecond pulse from the xenon flash,
complex micropatterns can be easily created using a simple mask. In the lithographic IPL selective
sintering method, only the exposed CSG ink becomes conductive leaving the rest of the nano-ink
unprocessed and non-conductive. The result is an ultra-fast and simple fabrication method. As an
application, strain gauges are micropatterned using this technique onto various flexible substrates.
The effectiveness of these gauges is then characterized by single point bending tests where the
sensors and substrates are glued onto an aluminum beam. The beams are excited at varying
frequencies and the resulting resistivity response is characterized and compared to reference
gauges. In addition, the inks are directly deposited onto a 3-D printed polymeric beam and
patterned using the above method to create directly deposited strain gauges. The beam strain is
also characterized using the above method in order to demonstrate the capability of the printed

copper ink in combining with traditional 3-D polymer printing techniques.

1.5 Organization

The work in this thesis is organized into 6 chapters. Chapter 1 discussed the background
behind the studied work along with the motivations and objectives behind this thesis. Chapter 2
will discuss various printing and sintering methods that have been researched in previous works
such as conventional thermal sintering, microwave sintering, and laser sintering. Various other
work with IPL sintering will summarize recent advancements and various mechanisms proposed
to explain various phenomena. Chapter 3 then discusses novel modeling results for copper
nanoparticle sintering using IPL. A finite element modeling is used to predict the maximum grain
boundary sintering temperature during IPL between two copper nanoparticles. The temperature

profile with various IPL power levels is predicted. A LAMMPS molecular dynamic model is then
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used to demonstrate the geometric necking behavior in a 28-particle film and then determine the
resulting resistivity based on the temperatures estimated from the FE model. Previous sintering
models, such as sintering using LAMMPS are also discussed. Chapter 4 of this work then
highlights the synthesis of the novel hybrid inks along with characterization and optimization
experiments. An overview of the chemicals used, and the synthesis process is discussed along with
a description of the experimental equipment, such as the Xenon S-2300. The novel selective
sintering process is discussed along with characterization methods for the self-healing variation of
the inks. The experimental setup for general characterization, sintering depth, cyclic bending, and
strain sensing applications are also explained. Chapter 5 then outlines the results of the
characterization experiments discussed in Chapter 4. The resistivity of the conductive ink
variations is characterized along surface morphology, and sintering depth estimation. The role of
GnP in improving oxidation resistance along with cyclic bending performance is also determined.
The application for strain gauges is also demonstrated in this chapter using an IPL selective
sintering process. In addition, the ability to self-heal and recover conductivity using IPL self-
healing on the SHI variation is discussed. Finally, Chapter 6 concludes the thesis by reviewing the

novel scientific contributions, assumptions, limitations, outcomes and future work.
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Chapter 2. Literature Review

With printed electronics being studied and optimized since the late 1970s (Zant, 2004),
many different subsets have been created throughout the years. Whether it is a variation on the
conductive material such as organic or inorganic components, a variation on the printing method
such as inkjet or screen printing, or a variation on the sintering method such as intensive pulsed
light or laser sintering, printed electronic techniques have been optimized for application
dependent processes. Conductive inks can be made from organic and inorganic components. Due
to their low resistivity and chemical stability, inorganic conductive inks, such as copper
nanoparticles are the focus of this study. However, with metallic nanoparticles, a post deposition
processing called sintering needs to be done to induce conductivity. To be used in flexible
electronics, they also need to be sintered in such a way as to maximize conductivity and flexibility
while minimizing substrate damage and oxidation.

Many variations from conventional thermal sintering to intensive pulsed light sintering
(IPL) have been explored to achieve this. With sintering methods such as IPL or laser sintering,
lower glass transition temperature substrates can be utilized compared to other methods. In
addition, hybrid inks have been explored to also try and address various challenges such as long-
term oxidation, durability, and flexibility. Whether it is hybrid copper-silver, nanoparticle-
nanowire, metallic-carbon based variations, or field metal infused films, the copper-based films
can be improved upon. Copper nanoparticle films have also been shown to be quite fragile and
exhibit cracking under bending and tensile scenarios. Considerable research has gone into creating
a “self-healing” ink that can recover from mechanical damage. These “self-healing” circuits are

often created from hydrogels or liquid metal circuits. While they have shown impressive self-
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healing results, they rely on relatively expensive materials. Therefore, there is a need to create a

more economical “self-healing” ink.

2.1 Printed Electronic Ink Depositions

Essentially, there are three major components to printed electronic manufacturing;
conductive inks, substrates and printing (deposition) apparatus. Once a conductive ink has been
developed, it must be applied to the substrate. Since printed electronics have been researched and
implemented in industry for a considerable length of time, various types of deposition techniques
have been developed. In general, there are two main categories for conductive ink deposition:
contact and non-contact. In contact methods, the inked surfaces are brought into direct contact with
the substrate material. These methods include processes called gravure printing, offset printing,
nano-imprinting, etc. On the other hand, in non-contact methods, the conductive ink is injected
through nozzles or openings onto a moving stage where the substrate is located. This method
includes processes like inkjet and screen printing. Recently, non-contact processes have been
gaining considerable attention due to their adaptability, affordability, speed and simplicity in
various applications (Khan & Lorenzelli, 2015). Figure 2.1 below summarizes the most common

processes for both contact and non-contact deposition.

[ Printing Technologies ]

]
[ Non Contact Printing ] [ Contact Printing ]
1

[ Screen Printing ] [ Inkjet Printing ] [Slot-die Printing ]

} l ! : :

[Gravure Printing][ Offset Printing ][ Flexography ] [ Micro-Contact ][Nano-lmprinting][ Dry Transfer ]

Figure 2.1: Common printed electronic deposition methods (Khan & Lorenzelli, 2015) © 2011
IEEE.
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For both contact and non-contact deposition methods to be viable for commercial
application, they must be able to be mass produced. To achieve this, the printing methods must be
continuous in what is called a roll to roll process (R2R). Therefore, parameters such as printing
speed, resolution, and thickness become extremely important when selecting a deposition method

for the intended application.

2.1.1 Non-Contact Deposition

The three most common types of non-contact deposition methods are: screen printing,
inkjet printing, and slot die coating. Screen printing is the most common and tested method that
has been implemented in industry for a considerable amount of time. In this process, a simple setup
consisting of a mesh screen, squeegee, and press bed is utilized to apply the conductive ink to the
surface of the chosen substrate. There are essentially two types of screen-printing setups: a flat bed
and rotary (Sendergaard, Hosel, & Krebs, 2013). For roll to roll (R2R) applications, a rotary system
is required but for laboratory optimizing, flat bed methods can be used. Figure 2.2(a) shows a
simple screen-printing flatbed setup. Screen printing is then affected by various parameters such
as ink viscosity (low viscosity inks run through the mesh), printing speed, squeegee geometry, and
mesh size. Resultingly, this yields advantages such as simplicity, affordability, high resolution,
and process adaptability. It does however, yield challenges with solvent evaporation, acid reactions,
and mask deterioration.

In inkjet printing, chemical/colloidal solutions are deposited (sprayed) onto the substrate
surface via a micrometer scale inkjet nozzle. The inks are ejected through the nozzle either through
thermal, piezoelectric, or electrohydrodynamic systems (Khan et al., 2011). Figure 2.2(b) shows

the simple setup for an electrohydrodynamic inkjet process. This method then requires a
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conductive ink that has a lower viscosity, is chemically stable, is soluble in common solvents, and
has a low processing temperature. Consequently, even though inkjet printing is simple and cheaper
than screen printing, it suffers from very slow processing speeds, low resolution and uniformity.

Squeegee
Screen (Stencil) Mask Ink/Paste

| : i}

Printed
structures

(a)
Nozzle with
Conducting liquid
(+) ' ' '
Power
Supply B~ ~a
) (S -
— ||
Electrode  s——
(b) (c)

Figure 2.2: Examples of non-contact deposition methods: (a) Schematic for a typical flatbed
screen printing technique. (b) Schematic for an electrohydrodynamic inkjet printing system
(Khan, Doh, Khan, Rahman, Choi, & Kim, 2011) and (c) view of the slot-die roll coating of the
active layer (yellow) and the semitransparent anode (blue) on top of a flexible cathode-coated
substrate (pink) (Khan & Lorenzelli, 2015) © 2011 IEEE.

Finally, in slot die coating the conductive ink is coated directly onto the surface of the
substrate in a R2R process. In Figure 2.2(c), it can be seen that this direct application is still non-
contact and results in a large area application (Lin, Wang, Tiu, & Liu, 2013). Therefore, slot die

coating is only ideal for large structures where high-resolution is not a requirement.
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2.1.2 Contact Deposition

There is a large variety of contact deposition methods that are suitable for conductive
printed electronic applications. The simplest method is known as the doctor blade method, where
conductive ink is directly deposited onto the substrate through a mask. A razor blade is then used
to remove the excess ink leaving the mask pattern behind. This method is extremely useful for
laboratory optimization as it is extremely quick and simple, however it is not ideal for R2R
applications. Consequently, methods such as gravure printing to transfer printing have been
developed.

Cylinder printing techniques have been largely implemented in industry since they can be
easily implemented in R2R manufacturing processes. Gravure printing employs a direct transfer
method through a series of physical links or gears. The process utilizes a large micro cell engraved
cylinder that picks up the ink from a reservoir and then stamps the ink into the substrate. The
resulting circuit is determined by the microcells engraved on the cylinder. Figure 2.3(a) shows the
basic setup for this method. Gravure printing has shown the ability to produce quality patterns for
R2R processes. However, it relies on low viscosity inks, has trouble with uniformity on high
resolution patterns, and has high maintenance costs due to cylinder durability (Yang J. , 2013).
Gravure-offset printing has been implemented to try and reduce these drawbacks by adding an
extra elastic blanket to the system. This elastic blanket minimizes cylinder maintenance by
reducing wear on the cylinder surface. Even with this modification and added complexity, gravure-
offset printing faces issues with reliability and fast rolling speeds (Choi, Wee, Nam, Lavelle, &
Hatalis, 2012). Flexographic printing also utilizes cylinders similarly to gravure printing, but with
a slightly different setup. A first cylinder (the Anilox) picks up the ink from the conductive ink

reservoir and then transfers it to another cylinder (the plate cylinder). The plate cylinder then
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transfers the ink to the substrate which is pressed against an impression cylinder. The deposited
pattern is determined by the plate cylinder. Figure 2.3(b) shows a simplified schematic of
flexographic printing. Although this method allows for high printing speeds and high-resolution
patterning (Sendergaard, Hosel, & Krebs, 2013), it is prone to patterning errors due to porosity
and surface deformations along with nonuniformity and patterning accuracy (Lee, Joyce, &

Fleming, 2005).
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Figure 2.3: Various cylinder-based contact deposition processes (a) Schematic of a Gravure
printing system (Sung, Fuente, & Subramanian, 2010), (b) Flexographic printing (Deganello,
Cherry, Gethin, & Claypole, 2010) © 2011 IEEE.

Methods utilizing mold printing methods have also been studied extensively due to their
high-resolution capabilities. Micro-contact printing (UCP) utilizes contact with a pre-patterned
stamp to create patterns on highly flexible substrates. Utilizing a master mold (usually created with
photo-lithography methods), an initial polymer is applied. This polymer is then cured and peeled
off the mold to create the desired pattern. Afterwards, it is then used to soak up the conductive ink
and to stamp the pattern onto the desired substrate (Kaufmann & Ravoo, 2010). Figure 2.4(a)
shows a schematic of pCP. While high resolutions can be achieved with this method, it is hard to

implement on R2R processes and is prone to contamination and initial polymer damages during
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the peeling stage. Nano-imprinting (NI) is another similar mold process; however, it utilizes
temperature and pressure to imprint the design onto the substrate. With the conductive ink directly
applied to the substrate, a hot mold is pressed onto the ink. After a simple heat treatment, the mold
pattern is imprinted onto the substrate. Figure 2.4(b) shows a simplified NI process. This method
does allow for high patterning resolution and even 3-D patterning with high resolution throughout.
It does however, suffer from mask damages, density defects and alignment issues (Jiang & Chi,
2010). Instead of applying the conductive ink directly to the substrate, transfer printing creates
nanowires on the surface of silicon wafers via photolithography. To make the inks useful for
flexible printed electronic applications, a Polydimethylsiloxane (PDMS) stamp is used to peel the
circuits off the wafer and then apply them to a flexible substrate. Figure 2.4(c) shows the simplified
transfer process. While this method is simple to use, it is extremely hard to scale and has problem

with uniformity and dimensional control due to the PDMS stamp transfer process.
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Figure 2.4: Various mold-based Contact deposition methods: (a) Microcontact printing
(Kaufmann & Ravoo, 2010), (b) Nano-imprinting schematic (Radha, Lim, & Saifullah, 2013)
and (c) PDMS Transfer printing schematic (Khan & Lorenzelli, 2015) © 2011 IEEE.
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For both contact and non-contact-based deposition methods, the ideal process is heavily
application dependent. Parameters such as printing speed, required resolution, viscosity
requirements, and even environmental impacts must be examined to choose the ideal process. In
Table 2.1 (Khan & Lorenzelli, 2015) summarizes the above described depositions methods based

the most common parameters.

Table 2.1: Comparison of various electronic printing techniques (Khan & Lorenzelli, 2015) ©
2011 IEEE.

Parameter Gravure  Offset Flexographic Slot-die Screen Inkjet Microcontact  Transfer
& Nanoimprint

Print Resolution (um) 50-200 20-50 30-80 200 30-100 15-100 1-20 4-50

Print Thickness (um) 0.02-12 0.6-2 0.17-8 0.15-60 3-30 0.01-0.5 0.18-0.7 0.23-2.5

Printing Speed (m/min) 8-100 0.6-15 5-180 0.6-5 0.6-100 0.02-5 0.006-0.6 NA

Req. Solution Viscosity (Pa. S) 0.01-1.1 5-2 0.010-0.500  0.002-5 0.500-5 0.001-0.10 ~0.10 NA

Solution Surface Tension (mN/m) 41-44 13.9-23 65-70 3847 15-25 22-80 NA

Material Wastage Yes Yes Yes Yes Yes No Yes No

Controlled Environment Yes Yes Yes No No No No Yes

Experimental Approach Contact Contact Contact Contact-less Contact Contact-less ~ Contact Contact

Process Mode (sample pattern line) Multi-steps  Multi-Steps  Multi-steps Single-Step  Multi-Steps  Single-Step Multi-steps Multi-Steps

R2R Compatibility Yes Yes Yes Yes Yes Inter-mediate  Yes No

Hard Mask Requirement for each No No No No Yes No No Yes

Printing Step

Printing area Large Large Large Large Medium Large Medium Medium

Therefore, if resolution is the most important parameter, then microcontact and nano-
imprinting would be the desired methods. If printing speed is the most desirable, then flexographic
methods would be chosen. For a good balance of printing speed and resolution, then screen printing
would be ideal.

2.1.3 Substrate selection

Typically for flexible printed electronics, polymer substrates are used due to their high

flexibility, transparency, stretchability, and emissive properties. While they may not be as durable

as their rigid metal and glass counterparts, they are a good tradeoff for the required flexibility
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properties. The major issue with using polymer substrates is their low glass transition temperatures.

Figure 2.12.2 below shows the glass transition temperatures of some common flexible polymers.

Table 2.2: Glass Transition temperature for common substrates used in flexible electronics (Khan
& Lorenzelli, 2015).

Flexible Polymer Glass Transition Temperature (°C)
PET (Polyethylene terephthalate) 70

PEN (Polyethylene Naphthalate) 120

Polycarbonate 150

Polyimide 270

Fluorene Polyester 230

While the polymers with lower glass transition temperatures (such as PET and PEN) have
excellent flexibility properties, they are prone to damage during the creation of flexible printed
electronics. Since most inorganic conductive inks require post deposition processing (sintering)
where temperatures can be as low as 200°C (Kang & Kim, 2010), these polymers cannot be used.
However, by implementing specialized sintering strategies where temperatures are localized in the

conductive inks, these highly flexible yet low glass transition temperature polymers can be utilized.

2.2 Metallic Nanoparticle Sintering
When it comes to choosing a conductive ink, there are two main variations: organic and
inorganic inks. While organic based inks have low annealing temperatures and high flexibility,

they are extremely complex, suffer from batch to batch inconsistency, are extremely prone to
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environmental conditions, and often suffer from high resistivity (Zheng, 2016). Consequently,
inorganic inks, specifically metallic nanoparticle-based inks, are far more desirable for printed
electronic applications. They do, however, have their own unigque challenges to mitigate in order
to make them effective for commercial applications.

Once the metallic nanoparticle-based ink is printed/deposited onto the substrate, it must be
sintered in order to induce conductivity. The organic solvents must be removed, and the metallic
nanoparticles need to initiate the sintering process in order to ensure high conductivity within the
sample. Even a thin layer of organic solvents between the nanoparticles can greatly reduce overall
conductivity; therefore, the sintering process is extremely important. To sinter metallic
nanoparticles, multiple general methods can be used such as; conventional thermal sintering, laser
sintering (Halonen, Viiru, Ostman, Cabezas, & Mantysalo, 2013), low pressure argon plasma
exposure (Reinhold, Hendriks, Eckardt, Kranenburg, & Perelaer, 2009), microwave radiation
(Perelaer, Klokkenburg, Hendriks, & Schubert, 2009), electrical sintering (Allen et al., 2008) and

intensive pulsed light (IPL) (Chung, Hwang, & Kim, 2015).

2.2.1 Conventional Thermal Sintering

The sintering of metallic nanoparticles via direct thermal applications is relatively simple
but has some major drawbacks. Conventional thermal sintering may be achieved by using an oven,
hot air-flow, or by utilizing a hotplate. Unfortunately, due to the high tendency for oxidation at
elevated temperatures, metallic nanoparticles are often limited to silver or gold. If copper
nanoparticles are to be used, oxidation prevention strategies such as inert environments must be
implemented. For silver and copper nanoparticles, sintering temperatures of around 200°C and
300°C, respectively, for 1-hour applications are required for optimal sintering. (Halonen, Viiru,

Ostman, Cabezas, & Mantysalo, 2013) / (Kang & Kim, 2010)/ (Swierzy, Farraj, Kamyshny, &
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Magdassi, 2017)]. For a silver nanoparticle-based ink, Halonen et al. (2013) studied the effect of

various thermal sintering temperatures with respect to time and effect on resistivity. Figure 2.5(a)

shows their minimal resistance of ~9 Q was achieved at temperatures of 200°C and greater with

higher temperatures decreasing the time to reach the optimal resistance. Figure 2.5(b) shows the
thermal sintering effect on crystalline structure at various time intervals at 260°C, showing the
sample becoming more interconnected and highly conductive as sintering time increases. While
the sintering process is relatively simple and achieves a high degree of sintering, this process
greatly limits the use of low temperature flexible substrates such as PDMS. Consequently, for

flexible printed electronic applications, other sintering methods must be used.
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Figure 2.5: (a) Average resistance for a silver based nano-ink undergoing thermal sintering at
various temperatures and (b) SEM images showing the effect on the crystalline structure at (a) 2
min. (b) 21 min, (c) 40 min, (d) 60 min (Halonen, Viiru, Ostman, Cabezas, & Mantysalo, 2013)
© 2012 IEEE.

One method for overcoming the oxidation of copper nanoparticles during the high
temperature requirements to achieve conventional sintering was proposed by Swierzy et al. (2017)

In their work, they incased a bulk copper nanoparticle core inside a thin 20nm silver nanoparticle

23



shell using a variety of stabilizers and solvents. This in turn minimized the exposure of copper to
air and allowed for sintering on hotplates at temperatures up to 250°C without the use of inert
environments. Figure 2.6 below shows their silver encased copper core before and after thermal

sintering.

Figure 2.6: SEM image of a Cu nanoparticle core encased in silver (a) before thermal sintering
and (b) after thermal sintering at 250°C (Swierzy, Farraj, Kamyshny, & Magdassi, 2017)
Copyright (2017), with permission from Elsevier.

With this method, they were able to achieve relatively low sheet resistance values of

0.18+0.01Q/sg. While this method does mitigate potential oxidation problems for copper

nanoparticles, it still requires high annealing temperatures to induce conductivity. Consequently,

the use of low-melting point flexible substrates is still limited.

2.2.2 Laser Sintering

Laser sintering is becoming an increasingly popular method for nanoparticle sintering due
to lower temperature increases and selective sintering ability. With the high temperatures required
for conventional thermal sintering, substrates are greatly limited, and oxidation becomes a
substantial problem. By using laser sintering, the sintering of metallic nanoparticles can occur in

liquid or solid phases, have high patterning accuracy, and have minimal damage to underlying
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substrate (Zacharatos, Theodorakos, & Karvounis, 2018).This is due to the absorption of the laser
in the nanoparticle film localized to the location of the laser. By constantly sweeping the laser over
the film, complex ICs can be easily created without using traditional photolithography methods.

Figure 2.7 below demonstrates the process of laser sintering on a silver nanoparticle film.
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Figure 2.7: Schematic of laser sintering on a metallic nanoparticle film (Ermak et al., 2016) ©
2016 IOP Publishing. Reproduced with permission. All rights reserved.

With laser sintering, there are multiple parameters to consider. The laser can be continuous
or pulsed, operate from the UV spectrum to near IR, have fast or slow sweeping rates, be of various
laser types, and have low or high power fluences. Regardless of the parameters chosen above, for
sintered silver nanoparticles, most resistivity are in the range of 5-10 times that of bulk silver
(~1.78 pQ-cm) (Auyeung, Kim, Mathews, & Piqué, 2007) with some cases reported as low as 4x
(Ermak et al., 2016).

Continuous lasers operate with a constant sweeping rate across the nanoparticle film. Using
this technique, micropatterns can be easily created on the film. Since the film that is not exposed
to laser remains relatively non-conductive, the laser exposed sections act as an IC. Patterns around

20 microns on polyimide strips have been demonstrated using a 532 nm green continuous laser
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(Auyeung, Kim, Mathews, & Piqué, 2007). Using a continuous laser, this pattern is limited due to
the diffraction limitations of light and the heat transfer occurring on the surface of the film around
the laser. The heat transfer effect can be mitigated by adjusting the sweeping rate and pulse power.
Ermak et al. (2016) demonstrated that the lower velocity sweeping rates on a silver nanoparticle-
based film can produce the lowest resistivity. While their results showed that lower sweeping
speeds resulted in lower resistivity, they also demonstrated that the lower speeds are more prone
to delamination effects. Therefore, this technique is limited in obtainable resistivity and patterning
thicknesses due to heat transfer effects and light diffraction limits.

To overcome this issues, pulsed lasers are utilized. In a pulsed laser setup, the laser is still
swept over the nanoparticle film at a constant rate; however, the laser is operated at an extremely
high pulsing frequency (usually in the nanosecond to femtosecond range). Son et al (2011) was
able to demonstrate the creation of 100nm patterning on silver nanoparticle film using a Ti-
sapphire laser (780nm, 100fs pulses, 80MHz). Consequently, they were able to create patterning
resolutions comparable to traditional photolithographic methods but without the use of a mask at
ambient conditions with resistivity values around 11 times that of bulk silver. Theodorakos et al.
(2015) then demonstrated the difference in using continuous wave, pulsed nanosecond, and pulsed

picosecond lasers. Their results are summarized in Table 2.3.
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Table 2.3: List of electrical properties for sintered Ag-Nps with different laser sources
(Theodorakos, Zacharatos, Geremia, Karnakis, & Zergioti, 2015). Copyright (2015), with
permission from Elsevier.

Laser Power (W)  Fluence 2 (82 cm) o (S/cm)
(m]/em?)

Ag NPs ink on PEN

SPI fiber laser CW 20W 7A41E-04 1.35E+03
mode
@ 1064 nm

DPSS Passat laser (8 ps) 150 3.00E-05 3.33E+04
@ 1064 nm

DPSS Passat laser (8ps) 50 5.00E+02 2.00E—03
@ 532 nm

MNd:YVOy4 ns laser 80 8.00E-05 1.25E+04
@532 nm

MNd:YAG ns laser 40 430E-05 2.33E+04
@ 1064 nm

Az NPs ink 3.35E+01 299E-02

non-sintered

Bulk Ag 1.59E-06  6.30E+05

While the CW laser produced the lowest resistivity pattern, there was damage to polymer
substrates with low glass transition temperatures. The same phenomenon was also noted with
nanosecond pulsed lasers. As a result, it becomes a delicate balance of minimizing resistivity and
minimizing substrate warpage and damage.

The laser wavelength is also an extremely important parameter when optimizing laser
sintering techniques. As discussed later in this chapter, the plasmon effect contributes greatly to
locally heating the nanoparticle and is largely based on the wavelength absorbed from the incident
light. Paeng et al. (2015) investigated the effect on silver ink-based films with a near UV (405 nm),
a green (514.5 nm), and a near IR (817 nm) continuous laser. Their results showed an incredibly
low resistivity of around 3x > bulk silver by using a green laser operated at a constant sweeping
rate of 2 mm/s at 100 mW. Table 2.4 below lists the lowest resistivity values of each laser sintering

method.
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Table 2.4: Resistivity of Ag NP films at various laser frequencies (Paeng, Yeo, Lee, Moon, &
Grigoropoulos, 2015).

Wavelength (nm) 405 5145 817 Bulk
Resistivity (u€2 cm) 57 528 89 4
Sintering Condition (mW) 90 100 70 -
Laser power, scanning speed (mm/s) 2 2 2 -

In summary, laser sintering has allowed for the use of lower glass transition temperature
substrates to be used with metallic nanoparticles. By allowing for localized heating due to laser
irradiation, the nanoparticles can still sinter while the substrate can remain relatively cool.
Consequently, this method has a huge advantage over conventional thermal sintering. In addition,
micropattern and nanopatterning are also possible with resolutions of 20 um having been achieved
for continuous laser applications and patterns of 100 nm with femtosecond pulsed laser
applications. The resistivity of films has also showed remarkable properties with silver films
showing values of 3x that of bulk silver for continuous laser methods and 5-10x for pulsed laser
methods. The pulsed laser methods have also showed lower substrate damage than continuous
laser approaches. Resultingly, there is a tradeoff for minimizing resistivity and minimizing pattern
thickness and substrate damage. It is also notable that this method requires expensive lasers, as
most commercial lasers operate in 10-100 ns pulses (Zacharatos, Theodorakos, & Karvounis, 2018)
and long process times due to scanning speed requirements. Therefore, it is still worthwhile to
explore other sintering methods.

2.2.3 Intensive Pulsed Light Sintering
To address the challenges presented by laser sintering methods and conventional thermal

sintering, such as process sintering time and the limitation on substrate materials, the intensive
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pulsed light (IPL) sintering technique has attracted a lot of attention. IPL sintering works by
quickly pulsing a high intensity xenon flash onto a metallic nanoparticle film. The pulse of
intensive light is broadband (~350 — 1050 nm, depending on the equipment), and can be adjusted
for pulse durations as short as 1ms. The result is a unique property of irradiating high-power pulse
within a millisecond time scale. For metal nanoparticle sintering in flexible electronics, the IPL
technique is not only ideal due to the short millisecond exposure time and high power of light but
also the cost-effectiveness of the process. The resulting short exposure time will locally heat
metallic nanoparticles up to sintering temperatures in ambient air while keeping the temperature
of the substrate relatively low due to the low thermal conductivity of the porous material.
Consequently, this will limit the damage to low glass transition temperature polymers that are
commonly used in flexible electronics. The results show minimal damage to a wide variety of
substrates using the IPL. Thus, the IPL technique can facilitate the manufacturing of conductive
films in ambient air with a short process time.

As with other sintering processes, silver nanoparticles are commonly used to create the
conductive films using IPL sintering due to their ease of use and oxidation resistance. Simple inks
with 20-40nm silver nanoparticles in a DEG solvent have demonstrated the ability to sinter with
resistivity values of approximately 49 nQm (over 3x the resistivity of bulk silver) with IPL
sintering temperatures estimated at 194.1°C (Kang, Ryu, & Kim, 2011). Others have also shown
resistivity values as low as 3 (Lee et al., 2011) and 2.4 (Albrecht, Rivadeneyra, Abdellah, Luglia,
& Salmero6na, 2016) times that of bulk silver with relatively simple inks. Consequently, it can be
demonstrated that IPL sintering techniques can be optimized to produce on average lower
resistivity values versus laser sintering approaches, although there are cases where laser sintering

is the preferable technique. Nittynen et al. (2015) compared the two photonic techniques by
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analyzing the resistivity response after sintering the same copper based conductive inks. Their
results are summarized in Figure 2.8 below where it can be seen that IPL sintering was able to
achieve slightly lower resistivity values at all thicknesses. The first layer, the thinnest film, was
also only be able to be sintered with IPL. They also noted that with IPL, as the layers got thicker,
cracking became more prevalent in the films due to high thermal stresses caused by the pulse of
light. Consequently, they concluded that IPL was better for thinner films and laser sintering was

optimal for thicker films.
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Figure 2.8: Resistivity comparison between IPL and Laser sintering techniques in relation to
bulk copper (Niittynen, Sowade, Kang, Baumann, & Mantysalo, 2015) © 2015 Springer Nature
Publishing AG.

While silver nano-inks may be relatively simple due to their inherent oxidation resistance,
copper based nano-inks are still preferable due to the order of magnitude in cost savings. By using
an extremely high-quality batch of copper nanoparticles (no copper oxide layer), Kim et al. (2009)
was able to demonstrate IPL sintering with post processing resistivity values of around 3x higher
than bulk copper. Since these copper nanoparticles were directly produced and stored in inert

environments, a simplistic ink containing ethylene glycol and 2-methoxyethanol solvents was able
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to be used. Unfortunately, this method still requires relatively expensive nanoparticles due to the
copper oxide mitigation requirements. It has since been demonstrated that copper nanoparticles
with copper oxide outer layers can be used in IPL sintering methods to create highly conductive
films. By combining a photoreactive polymer poly(N-vinylpyrrolidone) (PVP), polyvinyl alcohol,
and an IPL pulse, copper oxide layers have been shown to break down and create highly conductive
films (Ryu, Kim, & Hahn, 2011). This effect was greatly studied by Hwang et al. (2012) in which
the PVP content, pulse number, pulse intensity, and pulse duration was optimized. Energy density
was varied from 10 J/cm? to 20 J/cm? and their results showed a consistent decrease in sheet
resistance as power increased. The number of pulses was also varied from one to three, and their
results showed one pulse to be optimal with sheet resistance increasing with more pulses, most
likely due to the presence of microcracking. It is worth noting that others have found lower pulse
intensity and higher pulse numbers to result in lower resistivity values (Niittynen, Sowade, Kang,
Baumann, & Méntysalo, 2015). Their pulse duration was also varied from 5-20 ms and 10 ms was
determined to be optimal. With these chosen conditions, PVP content was varied to find the
optimal weight ratio based on minimizing resistivity. Figure 2.9 below summarizes their results.

As demonstrated, they determined the optimal PVP: Cu weight ratio to be approximately 0.08.
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Figure 2.9: (a) Sheet resistance variation with PVP:Cu weight ratio and (b) Schematic of copper
nanoparticle with copper oxide layer and PVP coating (Hwang, Chung, & Kim, 2012) © 2012
IOP Publishing. Reproduced with permission. All rights reserved.
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With IPL sintering, the discrepancy between the resistivity of bulk copper/silver and
sintered nanoparticle copper/silver mostly derives from resulting porosity after the sintering. To
mitigate this problem, copper-based additives have been added to the inks. Chung et al. (2015),
added various copper precursors (e.g., copper(ll) chloride, copper(Il) nitrate trihydrate, copper(Il)
sulfate pentahydrate and copper(ll) trifluoroacetylacetonate) in order to try and reduce porosity.
In their work, a pattern of 27.3 uQ-cm (16x bulk copper) was achieved using a copper (I1) nitrate
trihydrate precursor. The optimized conditions were found to be 10ms pulse duration, 12 J/cm?
fluence, and 30 wt.% precursor. While their resistivity is still significantly higher than other
methods, they were able to reduce the overall porosity and consequently increase the flexibility of
the inks by reducing fragile necks between particles.

In summary, IPL sintering involves a millisecond magnitude broad-spectrum pulse from a
xenon flash lamp in order to induce conductivity on a metallic nanoparticle film. In order to
optimize sintering, pulse duration, pulse intensity, and the number of pulses need to be adjusted
depending on the conductive ink composition. With this optimization, and the utilization of silver
inks or pure copper nanoparticles, resistivity values as low as 3x that of the bulk metal have been
reported. When using cheaper nanoparticles, such as copper nanoparticles with copper oxide layers,
other mitigation strategies need to be implemented to remove oxidation and induce conductivity
after sintering. The use of PVP and alcohol/acid treatments have shown promise in this regard;
however, their resistivity values are significantly higher, ~16x that of bulk metal. Consequently,

more research is required to optimizing IPL sintering for copper nanoparticles.

2.2.4 Other Sintering Methods
For the sintering of metallic nanoparticles, conventional thermal sintering, laser sintering,

and IPL sintering are the most utilized and researched methods due to simplicity and resistivity
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results. Other methods such as electrical sintering, microwave sintering, and plasma sintering also
show promising results.

Microwave sintering is a fast alternative for selectively sintering metallic nanoparticles.
The main focus in research revolves around sintering silver nanoparticles due to the oxidation
problems that occur with copper. Sintering occurs from the microwave radiation that is absorbed
due to coupling with charge carriers and rotating dipoles and exhibits similar mechanisms to both
laser and IPL sintering. Perelaer et al. (2006) demonstrated microwave sintering in silver
nanoparticles and was able to achieve a resistivity value of approximately 3.0 x 10~ Qm (~20x
bulk silver). The method was approved upon by using large antenna electrodes to increase the
resistivity to approximately 3-10x that of bulk silver (Perelaer, Klokkenburg, Hendriks, &
Schubert, 2009). More recently, resistivity values have been reported to consistently achieve
around 3x that of bulk silver with sintering times as short as 1.5 minutes (Fujii et al., 2015).

Electrical sintering utilizes localized joule heating effects in order to achieve sintering. A
nanoparticle film with high resistivity can be selectively sintered by adjusting the joule heating
effect which is proportional to the film resistance and the current through it. Resistivity values
have been reported in the range of 2x that of bulk silver (Allen et al., 2008) / (Hummelgard, Zhang,
Nilsson, & Olin, 2011). The major advantages for electrical sintering are reduced substrate heating,
short sintering times, and precise sintering control. The major downside for electrical sintering is

the requirement for minimal conductance so a current can be fed through the film.

2.2.5 Plasmonic Effect
When using light, whether IPL or laser sweeping, to heat metal to induce sintering, it is

important to consider the plasmonic effect. The plasmonic effect is an oscillation of electrons in
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the metallic nanopowders that is responsible for the localized heating, reduced oxidation, and
overall reduction in bulk heating of the film when compared to conventional sintering methods.
When a metal sample is excited by incident light, plasmons are created. Plasmons are
oscillations of the free electrons in conductive metals (Maier, 2007). The plasmonic effect can is
largely categorized in two forms; Surface Plasmon Resonance (SPR) which occurs on the surfaces
of bulk metals, or as Localized Plasmon Resonance (LSPR) which occurs within metallic
nanoparticles. In both cases, plasmons can be described as charged electron clouds that have been
excited by incoming energy that results in a displacement from their equilibrium with the metallic
lattice. They can also only exist on the surface of metals and not within the bulk material. The
incident angle of light is also extremely important to consider when examining SPR. When the
incident angle is large enough, plasmon oscillations called propagating surface plasmon-
polaritons (PSPP) can occur due to total reflection and results in an oscillating charged surface,

shown in Figure 2.10(a) below (Amendola, Pilot, Frasconi, Marago, & lati, 2017).
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Figure 2.10: (a) SPR that results in surface propagations and oscillations due to high angle of

incident light. (b) LSP oscillations are created in nanoparticles with diameters smaller than the
incoming light wavelengths. (c) LSPs in metallic nanoparticles can be modelled as spring-mass
harmonic oscillators (Amendola, Pilot, Frasconi, Marago, & lati, 2017) © 2017 IOP Publishing.

Reproduced with permission. All rights reserved.
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When considering metallic nanoparticles, the resulting mechanisms vary compared to SPR
since plasmons can exist in the bulk structure of the nanoparticles due to the volume to incoming
wavelength ratio. Since the nanoparticle volumes are smaller than incoming photons, PSPP cannot
occur. Instead, LSPR occurs and results in the plasmon oscillations over the entire metallic
nanoparticle volume. Therefore, they can be considered a mass- spring harmonic oscillator that is
driven by the incident light energy. It is important to note, that only light with wavelengths similar
to the absorption wavelength of material can create the LSPR.

The plasmonic effect on sintering is most noticeable when considering sintering
temperatures. For typical industrial processes where copper nanopowders are sintered using
conventional heating, temperatures in the range of 750 — 1000°C are ideal (AZoM, 2002). While
this is lower than the melting temperature of copper (1084°C), it does limit the use of low
temperature and flexible substrates needed for flexible electronic applications. It is also important
to note that conventional heating heats the bulk material, including the substrate up to the sintering
temperature. Therefore, by utilizing the plasmonic effect with pulsed light or laser sintering, two
major advantages can be achieved; considerably lower sintering temperatures and localized (not
bulk) heating known as nanowelding.

The effect of plasmonic nanowelding is closely examined by Garnett et al. (2012), with the
use of silver nanowires. Figure 2.11 below demonstrates the local hotspot that is created from the
laser that welds nanowires together at the location of contact. Since the location of contact only
needs to be locally heated in order to achieve sintering to reduce contact resistance, the process
ends up being considerably more efficient. This effect, as seen under a TEM, shows the efficiency
of utilizing the plasmonic effect for sintering as the peak heating efficiency of the samples was

close to the LSPR of an individual silver nanowire.

35



b

Figure 2.11: TEM image of silver nanowire (a) before sintering and (b) after sintering using a
laser with a wavelength close to the LSPR of a silver nanowire demonstrating the effect of
localized plasmonic sintering (Garnett et al., 2012) © 2012 Springer Nature.

Seungyong Han et al. (2014) compared the effect of conventional bulk heating to the
selective heat treatment of plasmonic nanowelding of copper nanowire using a circularly polarized
laser. Their results demonstrate another major benefit in addition to the two mentioned above; a
significant reduction in oxidation. The XRD of the two sintering treatments shows a significant
reduction in the copper oxide peaks in the plasmonic nonwelded sample compared to the bulk
heating in air. The effect of oxidization is also confirmed through sheet resistance measurements,
where the bulk heating in air samples resulted in sheets resistances in the range of ~10° =108 Q/sq.
compared to the laser treated sample of 20 Q/sq.

With laser sintering, it is relatively simple to control and select a laser wavelength that is
similar to the LSPR of the material that is to be sintered. Using IPL, however, the pulse is
broadband from 350 nm to 1050 nm approximately depending on the IPL apparatus used.
Consequently, the LSPR of the material is most likely included in the wavelength of the pulse but

the most efficient sintering occurs around the LSPR. Yeon-Taek Hwang et al. (2016) demonstrated
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this effect by using a combination of low-pass, high-pass and band-pass filters to isolate the pulsed
light wave lengths with respect to the LSPR of copper nanoparticles (~590 nm). With the high pass
filter set to include the LSPR of copper (500 nm high pass filter), the peak sintering temperature
was experimentally determined to be ~220°C compared to the un-filtered temperature peak of
~180°C. In addition, when the high-pass filter is set at 600 nm, therefore excluding the LSPR of
copper, the peak sintering temperature drops to around ~140°C. This effect is seen in the resistivity
where the no-filter, 500 nm high-pass, and 600 nm high-pass filters resistivity are ~32, 20, 35 uQ-
cm respectively. The trends are also similar for the low-pass and band pass filters and the optimal
results are summarized in Figure 2.12 below. The optimal conditions in order to reduce the overall
resistivity and increase the localized sintering temperature was found to be using a band-pass filter
that isolates the LSPR of copper. The SEM images show the most complete sintering of copper
nanoparticles compared to the other samples.
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Figure 2.12: (a) Optimized filter and light irradiance results showing the benefit of isolating the

LSPR for increasing overall sintering and reducing resistivity. (b) Effect of optimized filters on
the overall peak temperature pulse as measured by a thermocouple during IPL sintering of
copper nanoparticles. Reprinted with permission from (Hwang Y.-T. , Chung, Jang, & Kim,

2016) © 2016 American Chemical Society.
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When using either pulsed light or laser irradiation of sintering, the oscillation of localized
electrons in nanoparticles becomes an extremely important mechanism for sintering. Thanks to
this effect, the local heat or nano-welding of contact points in nanopowders or nanowire films
results in reduced overall bulk heating and oxidation problems when compared to conventional
thermal sintering methods. By using light filters, the importance of including the LSPR of the
desired nanopowders material has been confirmed by optimizing resistivity and increase localized
plasmonic heating. While isolating the LSPR with a band-pass filter has been shown to minimize
surface cracking and increase overall sintering percentages and necking, it does limit the materials
that can be sintered. In this work, filters are not utilized due to the presence of other nanomaterials

such as graphene, silver, gallium, etc.

2.2.6 Sintering Summary

In order to induce conductivity in metallic nanoparticle-based inks, whether it be silver,
gold, or copper based, sintering needs to occur. During the sintering process, temperature or
pressure application causes the growth of “necks” between nanoparticle and can create large
conductive networks with the ink. Conventional thermal sintering has been around the longest
where the entire sample is heated to nanoparticle sintering temperatures (>200°C). While this
method produces highly conductive samples, it greatly limits potential substrates with glass
transition temperatures below 200°C and creates oxidation problems when copper is used.
Consequently, other methods of sintering have been developed that focus on locally heating
nanoparticles and mitigating oxidation. Sintering with a focused laser has proven in being effective
with sintered resistivity values ranging from 5-10x that of the bulk metal. This method however,
requires expensive laser equipment and slow scanning speeds so is unsuitable for large scale

applications. Intensive pulsed light sintering, on the other hand, has been able to demonstrate
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similar resistivity values (3-10x bulk metals) with a broad band, millisecond scale pulse. With
lower substrate temperature spikes, oxidation mitigation potential, and large area exposure, IPL is
more suited for larger scale applications. Other methods, such as microwave sintering, electrical
sintering, and plasma sintering can also achieve low resistivity values, however, they usually
require preprocesses to have initial conductivity and require significantly longer processing times.

Therefore, IPL sintering will be the focus of this research.

2.3 Hybrid Conductive Inks

Pure copper nanoparticle-based ink has been shown to have low resistivity values after
sintering with IPL. Unfortunately, these inks are also known to be extremely fragile and prone to
loss of conductivity over time due to oxidation. Consequently, other additives can be added to
these inks to help mitigate these problems. Hybrid copper-silver, nanowire, and carbon-based ink

have been shown to greatly improve the inks performance for specific applications.

2.3.1 Hybrid Copper Silver

Even after IPL sintering with oxidation mitigation, copper on its own will begin to oxidize
in air. With the highly porous sintered structure, oxygen can easily permeate into the film and
oxidize the copper, therefore reducing conductivity over time. To overcome this issue, a hybrid
copper-silver ink has been utilized in the past. Swierzy et al. (2017) were able to demonstrate the
creation of copper cored nanoparticles that are encased with silver nanoparticles. This method
demonstrated the ability to have electrical conductivity even after oven sintering. Previous work
in our lab group (Yim, Sandwell, & Park, 2016) demonstrated a similar silver-coated copper core

that was sintered using IPL techniques and then exposed to elevated temperature environments to
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promote the oxidation of copper. Figure 2.13 shows a pure copper ink conductive circuit versus a

hybrid copper-silver conductive circuit after being exposed to an oven temperature of 180°C.
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Figure 2.13: LED bulb illumination of (a) pure copper ink and (b) a hybrid copper ink film after

10 min intervals of oxidation at 180 °C. Reprinted with permission from (Yim, Sandwell, & Park,
2016) © 2016 American Chemical Society.

The brightness of the red LED (Figure 2.13a) begins to fade quite quickly for the pure
copper conductive ink. After 30 minutes the red LED fails to turn on indicating that all electrical
conductivity is lost due to oxidation. The green LED (Figure 2.13b) on the hybrid copper circuit,
however, remains bright throughout the duration of the experiment. This then demonstrates the
effectiveness of using a hybrid copper-silver ink for long term oxidation mitigation. Since the
sample is still largely copper by weight percent, and the silver is derived from silver nitrate, this

method also remains cost effective.

2.3.2 Nanowire Based Inks

Nanoparticles are not the only metallic based nano-scale structure that can exhibit high
conductivity and be sintered with the previously described methods. Nanowires are extremely
small diameter (nanometers) and high aspect ratio (greater than 1000) metallic structures that have

gained significant attention lately, especially for use in transparent electrodes (Zhang & Engholm,
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2018). Like nanoparticles, silver is commonly used as a compromise for cost and oxidation

resistance. Figure 2.14 shows the comparison between nanowires and nanoparticles.
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Figure 2.14: SEM images comparing silver (a) nanowires. Reprinted with permission from (Li,

Hu, Zhang, & Oakes, 2014) © 2014 American Chemical Society and (b) nanoparticles (gnm,
2019).

While the main mechanism for nanoparticle sintering is necking between particles, the
main mechanism for increasing conductivity after sintering in nanowires is called plasmonic
welding (Park et al., 2017). After an IPL pulse, nanowires that are in close proximately will bond
together and create a uniform structure. This phenomenon is illustrated in Figure 2.15 below. Li et
al. (2014) was able to demonstrate this effect by showing a drastic drop in resistivity after three
pulses due to plasmonic welding and Park et al. (2017) was able to achieve a sheet resistance of 5
Q/sq. after IPL treatment. Consequently, they were able to achieve an optical transmittance of ~90%
and extremely low sheet resistances. Nanowires are being proposed to replace traditional

transparent materials such as indium-tin oxide (ITO).
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Figure 2.15: (a) Plasmonic Welding effect in nanowires after IPL treatment (Park et al., 2017),

and (b) Resistance drop effect due to plasmonic welding (Li, Hu, Zhang, & Oakes, 2014) © 2017
Wiley.

Nanowires on their own tend to have much higher sheet resistances (~100 Q/sq.) (Chu et
al., 2016). Consequently, there has been recent work involved in mixing nanoparticle and
nanowires to reduce the overall resistivity. Dexter et al. (2017) varied silver nanoparticle weight
percentages with silver nanowires. Their results showed a significant reduction in bulk resistivity
with values between 4-5 times that of bulk silver after IPL processing. The resistivity response is

shown in Figure 2.16 below.
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Figure 2.16: Nanoparticle weight percentage variation in a silver nanowire based conductive
film treated with IPL (Dexter, Bhandari, Chang, & Malhotra, 2017) - Published by The Royal

Society of Chemistry (RSC).
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While the nanoparticles do reduce the overall resistivity, the hybrid nanowire-nanoparticle
composite is still less conductive than bulk nanoparticles. Also, the nanoparticle addition will most
likely reduce the optical transmittance and make the conductive film less suitable for transparent

applications.

2.3.3 Carbon Based Inks

Metallic based nanocomponents are the most common choice for conductive inks due to
their low resistivity values. With optimized sintering techniques, their nanoparticle counterparts
have shown to be as low as 2-10x these bulk values. However, metals are not the only great
conductors. Recently, carbon-based electronics have been an area of considerable attention and
research due to the low bulk resistivity of graphene sheets. However, this theoretical bulk
resistivity is incredibly hard to achieve and even extremely complicated chemical vapour
deposition processes have only been able to achieve sheet resistances of around 30 Q/sq. (Bae et
al., 2010).

When it comes to producing graphene-based inks, there are two common approaches to
making the graphene; the bottom up approach and the top down approach (Yang & Wang, 2016).
The bottom up approach involves directly making the graphene sheets by depositing carbon
material onto metallic substrates. Chemical vapour deposition (CVD) can produce defect free
graphene sheets; however, this process is extremely complex and requires high process
temperatures. An alternative is to use plasma enhanced CVD which results in a shorter processing
time as well as a lower processing temperature. Both these methods are not widely used for printed
electronics due to the complexity, mass production limitations, substrate limitation, and the high
cost of production. Consequently, the top down where the bulk material is broken down is far more

desirable.
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By breaking down an existing bulk form of the material into graphene using methods such
as sonication or chemical reagent reduction, relatively simple inks can be made. These inks can
be graphene based, graphene-oxide based, graphene/polymer based, or hybrid graphene/metal
based (Yang & Wang, 2016). Pure graphene/stabilizer-based inks have recently been demonstrated
to be effective conductive inks for printed electronic applications. Sheet resistances ranging from
30 kQ/sq., 13 kQ/sq., to 0.81 kQ/sq. have been reported for this type of ink (Torrisi et al., 2012),
(Capasso et al., 2015), (Gao, Shi, Wang, Leng, & Zhao, 2014). These sheet resistances are
relatively high compared to their metallic counterparts. Therefore, other variations such as GO
(graphene oxide) based, and hybrid polymers/metals have been tried to reduce the resistivity.
Hybrid metallic/graphene inks have shown the most promising results for minimizing resistivity.
Silver nanoparticle and reduced graphene-oxide hybrid inks have been demonstrated to have sheet
resistances as low as 170 Q/sg. and resistivity as low as 12x that of bulk silver (Li, Guo, Zhang, &
Song, 2014)/ (Xu, Yang, Jing, Wei, & Han, 2014). This large reduction in resistivity also has the
added benefit of increased flexibility where resistivity stays constant after thousands of bending
cycles. Improved oxidation resistance has also been demonstrated for copper nanowire-based inks
with the addition of graphene. Ahn et al. (2015) developed a copper nanowire wrapped in a
protective graphene layer. While maintaining an extremely low sheet resistance of 51.8 Q/sq., this
hybrid ink showed incredible oxidation resistance. A pure copper nanowire-based ink had an
increased resistance of 1800 times within two days of being produced while the graphene protected
nanowires only showed an increase of 9% over 30 days. While a plasma enhanced CVD method
was required to produce this ink, the oxidation prevention of graphene has been demonstrated. The

results of their oxidation experiment are summarized in Figure 2.17 below.
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Figure 2.17: Resistance over 30 days comparing the oxidation resistance of graphene protected

nanowire vs. exposed copper nanowire. Reprinted with permission from (Ahn, Jeong, Lee, &
Lee, 2015) © 2015 American Chemical Society.

While copper nanoparticle-based inks sintered with IPL treatment have shown resistivity
values with the range of 3-10 times that of bulk copper, flexibility and conductivity loss over time
due to oxidation still remain an issue. To mitigate these problems, hybrid inks have been recently
developed. A hybrid copper-silver ink has been demonstrated to greatly reduce the oxidation in
copper nanoparticles over time by simply encasing the copper core in a thin layer of silver. This
method still minimizes cost while added the benefits of silver nanoparticles. Hybrid nanowire-
nanoparticle based inks have also been shown to increase the overall flexibility of the ink. While
resistivity values do increase with the added nanowires, the flexibility increase may warrant that
loss. Finally, hybrid graphene-based inks have been shown to increase both flexibility and
oxidation resistance, however, initial resistivity does still increase. Consequently, the selection of
hybrid inks is dependent on optimizing resistivity, oxidation resistance, flexibility and cost for the

selected applications.
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2.4 Self-Healing Circuitry

Even with the addition of elements such as nanowires, nanotubes and nanoplatelets;
flexibility can still be an issue for copper nanoparticle based conductive inks. Current methods for
creating flexible electronics often create circuity that is delicate and prone to mechanical damage.
Mismatches in Young’s Modulus, and Poisson’s ratio between the substrate and conductive ink
can lead to the degradation of circuits due to delamination’s and fractures (Viswanadham & Singh,
1998). Therefore, there is a need to make flexible electronics “self-heal” in order to increase life
and durability in the demanding environments that they are exposed to. Self-healing circuits boards
(SHCBs) are comprised of two major components; the polymer matrix and conductive ink.

Significant progress has been made in the field of self-healing polymers. Soft polymers,
such as hydrogels, possess 3D networks that have tunable chemical and physical properties that
can self-heal. The self-healing of hydrogel polymers is largely reliant on the reversibility of
crosslinks within the polymer network. On the molecular level, the self-healing occurs largely
from dynamic covalent bonding, hydrogen bonding, ionic bonding, supramolecular host-guest
bonding, and/or hydrophobic interactions (Taylor & Panhuis, 2016). For example, self-healing
hydrogels with pH control has been developed by Deng et al. (2010) that utilizes acylhydrazone
and disulfide bonds that exploit the dynamic covalent bond mechanisms. They were then able to
demonstrate the ability to fully cut the polymer in half, place it back together, and allow it to
physically reconnect and self-heal without any additional inputs.

Immediate room temperature self healing has been demonstrated by utilizing the hydrogen
bonding mechanism in a DNA-grafted polypeptide and an “X”- shaped DNA linker hydrogel (LI
et al., 2015). This hydrogel was shown to have reversible linkages that could adhere to each other

immediately at room temperature. In addition, continuously stress-relaxation measurements at
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room temperature revealed that the hydrogel was able to recover 100% of the storage modulus
immediately. The shear-thinning property of this hydrogel also allowed for printing. Time
dependent self-healing at room temperature that utilizes the ionic bonding mechanism has been
demonstrated by Zhang et al. (2012). Using a hydrogen-bonded poly (vinyl alcohol) (PVA), self
healing was shown due to the rearrangement of hydroxyl groups from inter-to intrachain H-bonds
on the surface. Supramolecular assembly self-healing hydrogels have a unique structure available
that allows for one half to be physically inserted into the other half and be held together by non-
covalent forces. For example, Nakahata et al. (2011) demonstrated a self-healing hydrogel from
the supramolecular arrangement of B-cyclodextrin-functionalized acrylamide and ferrocene
functionalized poly (acrylic acid) chains, which exhibited self-healing after 24 h at room
temperature (20 °C). They were easily able to control the self-healing by a series of redox
treatments. Others, such as Tee et al. (2012) developed a supramolecular self healing sensor that
utilizes self-healing hydrogen bonding networks in combination with uNi particles. Once above
the percolation threshold (minimal wt.% required to exhibit electrical conductivity) of the matrix,
the composite exhibited piezo-resistive properties that can be tailored for various sensor
applications. Figure 2.18 below shows that their micro-nickel particle doped hydrogel can be cut

completely in half and regain resistivity values after self-healing.
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Figure 2.18: uNi particles doped hydrogel that can regain resistivity after being damaged and
allowed to selfheal (Tee, Wang, R, & Bao, 2012) © 2012 Springer.
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There has also been significant progress in the development of self healing conductive inks.
With the use of flexible polymer substrates, the fatigue associated with bending and stretching will
cause typical nanoparticle based conductive ink circuits to increase in resistivity over time due to
delamination and microcracking. One approach to mitigating this problem is to incorporate
conductive metal microcapsules that are imbedded within the ink itself. Odom et al. (2012),
developed a polyurea/polyureaformaldehyde polymer binder that encapsulates a hexyl acetate
solvent. Once the microcapsule is broken by mechanical pressure, the solvent is released,
dissolving the surrounding silver nanoparticles allowing up to 90% recovery in conductivity.
Figure 2.19(a) shows the effect of cutting and breaking the microcapsules due to the pressure of
the blade. Figure 2.19(b) then shows the ability to recover conductivity due to the breaking of the

microcapsules.
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Figure 2.19: (a) Representation of the self-healing microcapsules; before damage, after damage,
and after self-healing and (b) Voltage recovery due to microcapsules after mechanical damage
(Odom et al., 2012) © 2012 Wiley.
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Blaiszik et al. (2014) developed a simpler type of microcapsule ink that utilizes the liquid
metal properties of a gallium — indium alloy. Microcapsules of this alloy are easily created as the
outer shell of gallium oxidizes rapidly in air. The self-healing factor of the ink is achieved by
simply applying a mechanical force to the ink that breaks down the outer oxide layer and allows
the conductive liquid metal to electrically repair any damaged section. One downside to this
method is that once the microcapsules have been broken, self healing can no longer occur in that
section. In addition, the electrical properties can only be recovered with direct application of
mechanical pressure.

Eutectic Indium-Gallium (EGaln) has been drawing considerable attention lately due to its

low resistivity (29.4x10° Q-cm), low melting point (15.7°C) and non-toxicity (Dickey, Chiechi,

Larsen, Weiss, & Weitz, 2018). Being liquid at room temperature allows for relatively large strain
with minimal increases in resistance when compared to typical nanoparticle based printed circuits.
Lin et al. (2015) developed a simple method that utilizes liquid metal EGaln nanoparticles on
PDMS to create flexible circuit boards that can be easily handwritten. By encasing liquid EGaln
in the PDMS substrate, circuits could be easily created by applying mechanical pressure to break
the outer gallium oxide layer and creating a conductive path. The schematic for creating the
conductive film is shown in Figure 2.20(a). Palleau et al. (2013) demonstrated the ability to create
completely reconfigurable circuits by combining EGaln with a self-healing polymer (Reverlink©)
patterned with microfluidic channels. They had the ability to completely cut the circuit using
scissors and recombine it in various configurations and allow for completely autonomous self-
healing to restore conductivity. The process of creating microfluid channels for conductive inks

does inhibit the ability for the mass production of self-healing inks.
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Figure 2.20: (a) Creation of conductive films using liquid metal EGaln (Lin et al., 2015) © 2013
Wiley and (b) Combining self-healing hydrogels with EGaln circuitry to create self-healing and
reconfigurable circuits (Palleau, Reece, Desai, Smith, & Dickey, 2013) © 2013 Wiley.

To overcome this issue, Li et al. (2015) developed a process known as selective liquid
metal plating (SLMP) which utilizes the wetting behavior of Au/Cr patterns. By depositing then
etching, Au/Cr on top of PDMS substrate, HCI treated EGaln can be applied to etched pattern due
to the surface wetting properties. They were able to demonstrate the creation of complex patterns
with 10 pum line resolution that could withstand strains up to 100% with minimal resistance
increases. The major downside for the above methods is that EGaln is relatively expensive and
therefore limits its potential applications.

Recent progress has been more focused on using self-healing polymers to create self-
healing circuity rather than using self-healing ink. For example, Seong et al. (2018) created a
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biomimetic self-healing printed silver electrode by utilizing the self-layering phenomenon of a
gelatin hydrogel scaffold. When mechanical damaged or delaminated, the self-healing properties
of the hydrogel scaffold demonstrated the ability to restore conductivity between the Ag particles
within a matter of minutes.

In conclusion, there are two major ways to create self-healing circuitry; conductive particle
doped self-healing hydrogels and liquid metal circuity. Micro-nickel particle doped hydrogels have
been shown to demonstrate complete conductivity recovery after mechanical damage and repeated
bending tests. Liquid metal EGaln microcapsules and microchannels have also been shown to
demonstrate self-healing after mechanical damage and exhibit high durability after multiple
bending tests. While these methods are extremely effective, they rely on relatively expensive
material whether it be the hydrogel or liquid metal. Therefore, there is a need to create a more

economic highly durable “self-healing” ink.

2.5 Summary

Printed electronic manufacturing techniques involve three major components; conductive
ink selection, deposition method/substrate material, and post deposition processing (sintering).
When it comes to conductive ink creation, there are two major categories: organic and inorganic.
While organic based inks have low annealing temperatures and high flexibility, they are extremely
complex, suffer from batch to batch inconsistency, are extremely prone to environmental
conditions, and often suffer from high resistivity (Zheng, 2016). Consequently, inorganic inks,
specifically metallic nanoparticle-based inks, are far more desirable for printed electronic
applications. Copper nanoparticles are the ideal inorganic metallic component to use due to their

low resistivity and low cost when compared to silver and gold. However, with copper nanoparticles,
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oxidation and cracking becomes a major issue. Various techniques such as hybrid copper-silver
and carbon additives can be added to overcome this issue. To deposit the ink onto a flexible
polymer substrate, various contact and non-contact methods can be used. With the end goal of
being roll to roll manufacturable, the conductive ink and polymer substrate must meet the
requirements of the chosen process whether it be inkjet printing or gravure printing. With the inks
deposited onto the flexible substrate, post-deposition sintering must occur to induce conductivity.
While nanoparticle sintering can occur at temperatures as low as 300°C for copper nanoparticles,
the low glass transition and highly flexible polymers cannot be used. However, this is only an issue
in conventional thermal sintering. In other techniques such as laser sintering, microwave sintering,
or intensive pulsed light sintering, the copper nanoparticles only locally heat up to induce sintering.
This keeps the substrates relatively cool. Intensive pulsed light sintering is chosen as the optimal
sintering process since it is able to demonstrate similar resistivity values (3-10x bulk metals) to
laser sintering methods but can do so with a rapid broad band, millisecond scale pulse allowing
for large scale rapid manufacturing. The use of IPL (and laser sintering) also allows for the
plasmonic effect to aid in locally heating nanoparticles up by oscillating electrons based on the
incoming wavelength. Even with all these methods, highly conductive copper films are still prone
to mechanical failure over time due to microcracking when bending. Consequently, many
variations of “self-healing” inks have been created, whether from self-healing hydrogels doped
with conductive particles or the use of low melting temperature field metal particles such as EGaln.
Even though these “self-healing” inks have self-healing properties, they rely on expensive
materials. Therefore, there is still a need to create an economical, self-healing and highly durable

conductive ink.
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Chapter 3. Modeling of Copper Nanoparticle Sintering

A model for copper nanoparticle sintering is developed to predict the final resistivity after
IPL sintering on a copper nanoparticle film. In order to achieve this objective, the entire sintering
process needs to be modeled. Since sintering is a mass transport process, the geometric changes
with temperature increases needs to be predicted. Therefore, a simulation is created in two steps;
first a finite element computation is carried out in order to predict copper nanoparticle grain
boundary temperature increases based on incoming IPL energy density. Using this temperature
prediction, a molecular dynamics (MD) simulation is then created to determine the geometric
changes that occur at the sintering temperature. A large nanoparticle film is simulated and the
porosity and densification changes that occur during sintering are modeled. Using this
computational data, the resistivity of the films is estimated based on the simulated porosity. The
resulting value is then compared to experimental resistivity values to see if the simulation falls into

the range of 3-10x the resistivity of bulk copper.

3.1 Sintering Process

To model and understand the sintering process, it is important to understand the driving
forces behind it. Sintering is the densification and repacking of particles that is influenced by 3
categories of variables; processing variables, material variables, and geometric variables (German,
2014). Processing variables depend on experimental conditions, such as pressure, temperature, and
time. Material variables then depend on the chosen material properties such as density, grain
energy, surface energy, atomic volume, lattice orientation, and melting temperatures. Geometric

variables are then defined based on the geometric conditions of the particles such as diameter, pore
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size, and surface area. Together, these groups of variables control the sintering process and drive
the main mechanism behind sintering; mass transport (Alashammery, 2018).

Mass transport within the system can be divided into two categories, surface transport and
bulk transport. The main difference between the two is that in bulk transport, the atoms diffuse
from inside the particle to the surface whereas surface transport involves mass transport directly
on the surface. Consequently, bulk transport results in the decrease of porosity of the nanoparticle
film during sintering while surface transport does not. Bulk transport also involves mechanisms
such as plastic flow, grain boundary diffusion, and volume diffusion while surface transport
involves evaporation-condensation, surface diffusion, and volume diffusion mechanisms (German,
2014). Surface diffusion is mainly dependent on the temperature and crystal orientation of the
system while volume diffusion is more dependent on the composition of the particle as well as the
temperature and pressure of the system. Grain boundary diffusion is then dependent on the grain
size, shape and distribution within the particle.

The sintering process can essentially be described as occurring in 4 stages. In the first stage
when sintering begins, the particles within the system begin to repack, rearrange and adhere to one
another. During the second stage of sintering, a phenomenon known as necking occurs where the
grain boundaries of two nanoparticles begin to fuse together (Parhami, McMeeking, Cocks, & Suo,
1999). This process is both time and temperature dependent and is extremely important for
modeling consideration due to thermal transfer changes and resistivity changes. The process of
necking is described in Figure 3.1 below where the bulk volume (Vg) of the material moves from
the bulk nanoparticle towards the neck (V). This process is then governed by the grain boundary
diffusion (GBD) and surface diffusion (SD) and is driven by a reduction in interfacial energy (Pan,

Ko, & Grigoropoulos, 2008).
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Figure 3.1: Neck growth from nanoparticle sintering (Pan, Ko, & Grigoropoulos, 2008) © 2019
ASME.

During the next stage of sintering, the pores between particles begin to round off as the
necks between nanoparticles become larger. The particle grains keep growing, and densification
begins to occur. If sintering is allowed to occur long enough, in the final stage of sintering, the
density is greatly increased and the pores between the particles completely close in.

The above process describes sintering after being heated to the nanoparticle sintering
temperature. The next question is, how does intensive pulsed light treatment raise the copper
nanoparticle temperature from room temperature to sintering temperature? One such mechanism
purposes that part of the heating is due to the absorption of light into the nanoparticles that causes
an oscillation of electrons within the nanoparticle itself. This oscillation is dependent on the
incoming wavelength, duration of the pulse, and intensity of the pulse. This mechanism is known
as the plasmonic effect. Most models and equations, however, do not directly take the plasmonic

effect into account when determining generated heat. Instead, a light absorptivity coefficient and
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intensity variable are used to predict the generated heat. Using this methodology, the Beer-Lambert
law can demonstrate the heating behavior of an IPL pulse (Druffel, Dharmadasa, Lavery, &

Ankireddy, 2018), described by:

= 0( ) - 3.1

where the heat generated (Q) at a depth (y) is calculated by integrating the absorption of light over
the wavelengths (A) produced multiplied by the illumination area (A) and g is the initial light
intensity from the xenon flash light pulse. The amount of light absorption is then related to the
material absorptivity, . This means that the heat generated within the nanoparticle film is depth
dependent and results in a temperature gradient. The temperature profile created based on time (t)

and position can then be described as (Druffel, Dharmadasa, Lavery, & Ankireddy, 2018):

(Y>=( )+ 3.2

where the density (p), heat capacity (), and thermal conductivity ( ) are the material properties
of the copper nanoparticle film. Consequently, with the copper nanoparticles absorbing the IPL
pulse based on the absorptivity coefficient over various wavelengths, a temperature profile is
generated in the system. The hottest particles remain on the surface and a gradient is created to
keep the substrates relatively cool. This means that sintering, aided by mass transport mechanisms
will occur most predominately at the surface of the film. As with the diffusion process, mass

transport is increased as the particle temperature increase.

3.2 Sintering Temperature
When copper nanoparticles are exposed to an IPL pulse, sintering will begin to occur. The
process starts by nanoparticles beginning to densify and come together in a necking phenomenon.
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The necking response is based largely on temperature, size of the nanoparticle, and duration of the
pulses. By predicting the necking response, the overall resistivity of the nanoparticle film after
sintering can be predicted. Consequently, this requires three modeling steps; grain boundary
temperature prediction, geometric necking prediction, and then resistivity prediction.

Some of these responses can be predicted using simplified analytical equations. Firstly, to
predict the sintering temperature of the nanoparticle films, Buffat et al. (1976) proposed the

following equation, based on nanoparticle size:
2 5
= o @—C = O 3.3

Where s the nanoparticle melting temperature, g is the bulk metal melting temperature, =
density, L = latent heat of fusion, r = radius of np, = surface tension and s and | depict solid and

liquid. Figure 3.2 below then shows the calculated nanoparticle melting temperature based on

Equation 3.3.
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Figure 3.2: Copper nanoparticle melting temperature prediction based on changing

nanoparticle size.
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As the prediction shows, the melting temperature of the copper nanoparticles begin to
drastically decrease below a radius of ~20 nm. However, most sintering temperatures are reported
to be between 200°C and 300°C for copper nanoparticle-based films (Kim, Dhage, Shim, & Hahn,
2009). Based on this equation, that would require nanoparticles with diameters less than 2.5 nm.
Consequently, with most nanoparticle films sintering with 100 nm magnitude particles, a more
detailed finite element approach is needed to accurately predict the temperature increase.

Analytical equations and predictions are only part of the entire sintering process that occurs
from intensive pulsed light sintering. To fully understand the process, in-depth computational
models are used to determine the sintering phenomenon. To accomplish this goal, two models are
developed to capture the entire picture of sintering. First, a finite element model developed by a
colleague, Mr. Mohsen Hassani, is used to predict the nanoparticle temperature increase due to
IPL. This 3-D model utilizes common IPL energy densities, wavelength ranges, and copper
absorptivity coefficients to predict the maximum grain boundary temperature at each particle.
Using this information, a molecular dynamics (MD) model is created to show the geometric
changes that occur during sintering at the temperature predicted by the FE model. The necking
process between two copper nanoparticles is demonstrated and the sintering process in a film of
copper nanoparticles is also simulated to show densification and porosity changes over time. This
information is used to estimate resistivity after sintering.

3.2.1 Finite Element Temperature Prediction

To determine the grain boundary temperature of copper nanoparticles after sintering, a

finite element analysis model was constructed by Mr. Mohsen Hassani. In his work, a 3-D Finite

Element (FE) model of metallic nanoparticles is developed on ABAQUS Explicit™ using DFLUX
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subroutine, written in FORTRAN to find the temperature at the surface of the sample film (Safari
& Farzin, 2013).

In his work, the absorption coefficient of copper nanoparticles was assumed to be a
constant at 0.632 (Kaviany, 2002). The remaining material properties of copper nanoparticles such
as thermal conductivity, thermal expansion, density, specific heat, etc., were modelled as a
function of temperature (Whitaker, 2013). The energy density was then varied from 0.86 — 1.46
Jlem? based on experimental conditions. To simplify the model, the following assumptions were

then applied:

Two nanoparticles of 100 nm are considered with general contact between them
- Constant power supply (Square wave IPL pulse)
- Thermal conduction only between copper nanoparticles (no substrate interaction)
- No atomic bonding or interactions
- Only copper nanoparticles are present. Energy losses due to organic particle
decomposition or copper formation reactions are ignored.
Based on these assumptions, the surface heat flux distribution is computed based on Gaussian

function as follow (Safari & Farzin, 2013):
3 2 2
(. )==— (3= +O™ND 3.4

where is the heat absorption coefficient of the irradiated surface, is the heat source power,

is the radius of heat source irradiated to the surface of grains and and are the distances of a
point away from the center of the heat source. Figure 3.3 shows predicted thermal distribution that
occurs in the two nanoparticles during the IPL sintering process. As the figure shows, the

maximum temperature is achieved at the grain boundary which is ideal for sintering applications.
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Figure 3.3: (a) Schematic illustration of FE model and (b) temperature distribution of FE model
for sintering energy of 1.5 J/cm? for two copper nanoparticles of 100nm in diameter (Mr.

Mohsen Hassani).

The results from the IPL energy input variation are summarized in Figure 3.4 below. As
the FE model that Mr. Hassani created shows, the maximum temperature at the grain boundary
increases as input energy increases to a maximum of 280°C at 1.5 J/cm?. From conventional
thermal sintering methods, it is known that this temperature is high enough to induce nanoparticle
sintering. Since this temperature spike is located at the grain boundary and localized at the surface,
the substrate temperature will remain within safe limits below the glass transition temperature. The
model also shows a relatively linear response for grain boundary temperature increases with IPL
energy density. Since this model does not predict the geometric changes that occur during sintering,
such as necking and densification, the correct energy density for sintering modelling must be
chosen based on experimental observations. Since 1.5 J/cm? has been shown to sinter copper
nanoparticles in our experimental observations, the temperature prediction associated with this
value should be utilized in the MD model. This energy level is experimentally determined as
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optimal based on surface resistance measurements. IPL energy levels higher than 1.5 J/cm? caused

surface cracking and results in a decrease in sheet resistance.
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Figure 3.4: Estimated maximum temperature at grain boundary in varying sintering energy

based on FE simulation.

This FE model is then in modest agreement with experimentally determined copper
nanoparticle sintering temperatures. Park et al. (2014) used a K-type thermocouple with 1 ms
response time, by embedding the thermocouple in the substrate and measuring temperature from
the bottom of the sintered conductive layer. They reported that copper nanoparticle sintering
started somewhere between 407 to 547 K by indirectly calculating the surface temperature with an
analytical transient heat transfer model.

The deviations created in the model come from the assumptions listed above and the lack
of geometric effect considerations. It has been reported that metallic nanoparticles begin to “neck”
and slightly change shape during the sintering process. This in turn changes heat loss potentials

and may increase overall thermal conduction along with convection and radiation losses.
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3.3 Molecular Dynamics Modeling for Copper Nanoparticle Sintering

With the input temperature of 550°K from the finite element IPL temperature prediction
model, the sintering process can be modeled. The interaction between atoms at this elevated
temperature will be modeled in a molecular dynamics (MD) simulation. In an MD simulation,
atoms are allowed to interact with each other over a fixed period of time and their physical
movements, along with trajectories, are studied in order to understand the dynamics of the system
at an atomic level. Molecular dynamics is extremely useful in understanding how copper
nanoparticles sinter. To simulate the MD of the system, an open-source software called LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) is utilized. LAMMPS is developed
by Sandia National Laboratories, under the United States Department of Energy and can be freely
downloaded for research purposes (http://lammps.sandia.gov) (Plimpton, 1995). The version used in
this simulation was released on December 12, 2018 and is written in C++ code.

To model sintering within LAMMPS, 5 steps are required: initialization, atomic definition,
force fields, atomic equilibration, and atomic simulation. In the initialization stage, the atomic units,
the process boundary and atom style are defined. In the atomic definition stages, atom regions are
created and populated based on chosen elements and lattice parameters. For this model, copper
nanoparticles are generated with appropriate lattice parameters and crystal orientations. Next, the force
fields are defined where the potential energy pair style is assigned and the pair coefficient for the
nanoparticle type is selected. In the atomic equilibration stage, the atoms are assigned a velocity that
estimates room temperature conditions. With atom number, volume, and temperature held constant,
the nanoparticles are simulated until they reach a stable equilibrium. In the atomic simulation process,
the temperature instantly spikes up to the sintering temperature where the simulation is run based on

the time step, run time, atom velocities, and energy minimization. The information is then outputted
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into a dump file for use in visualization software. Since LAMMPS runs based on console windows, a
visualization software is required to understand the output from the simulation. The most common
visualization tools used are VMD, AtomEye, ParaView, PyMol, Ovito, Raster3d and RasMol
(Plimpton, 1995). Due to available documentation, ease of use, and program capabilities (such as
porosity calculations), Ovito (Open Visualization Tool) is chosen.

The first objective in MD modeling is to simulate sintering between two adjacent copper
nanoparticles. To set up the sintering process, two copper nanoparticles are generated in the
LAMMPS simulation environment. Two copper nanoparticles of 16 nm diameters, containing
8586 atoms are generated at a separation distance of 2 nm. To ensure the generated particles match

copper as much as possible, the atoms are generated in an FCC lattice with a lattice parameter of

3.61 . These particles are originally generated at room temperature conditions. Figure 3.5 below

shows the particles generated in LAMMPs and visualized through Ovito.

(a) (b)

Figure 3.5: 16 nm diameter copper nanoparticles generated through LAMMPs and visualized
through Qvito: (a) 3D view and (b) front view.

With the atoms generated, the way they interact with each other needs to be defined. The

most common method chosen to simulate these interactions is called the embedded atom method
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(EAM). EAM has been shown to accurately predict phase transformations and particle surface
energy which are both key parameters for the sintering mechanism (Daw, Foiles, & Baskes, 1993).

The energy for each atom is calculated based on Equation 3.5:

1
=55 ()+> () 35

where () is the pairwise energy between two atoms, is the distance between these two
atoms, is the host electron density and is the embedded atom energy as a function of electron
density. These variables then describe the total energy of the atom based on position and movement
of the other atoms in the system. However, for copper nanoparticles, EAM has been shown to have
small deviations when predicting sintering behaviour. Consequently, a modified embedded atom
method (MEAM) is utilized for our model. MEAM potentials are modified to include directional
bonding by accounting for the distribution of the background electron density from neighboring
atoms. Therefore, the velocities of atoms in the MEAM potentials are now determined via

Equation 3.6 (Ryu, Weinberge, Baskes, & Cai, 2009).

-1

()==> ()+> > () 3.6
=1 =1 =+1
where is the embedding function, ™ is the background electron density, is the multibody

screening factor, and is the pair potential between atoms.

With the copper nanoparticles generated and the atom interactions defined to use MEAM
potentials, the MD simulation can be carried out. The simulation is run with a time step of 2 fs and
the temperature of the particles is defined using Nose-Hover thermostat canonical (NVT). NVT
then fixes the number of atoms present, volume and temperature conditions. The copper

nanoparticles first reach room temperature equilibrium for a simulation time of 20 ps. Then the

64



temperature is instantly increased to 550°K to simulate an IPL pulse of 1.5 J/cm? based on the FE
simulation. The simulation is run for 100 ps which is shown to be sufficient for capturing the first
states of sintering (German, 2014). During the simulation time, necking begins to appear quickly
and increases to a maximum neck size that no longer grows based on the copper nanoparticle

diameter. Figure 3.6 demonstrates the simulated LAMMPs sintering process.
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Figure 3.6: Copper nanoparticle Sintering at 10ps, 12ps, 15ps, 17ps, 20ps, 22ps and (b) neck

size over simulation run time.
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For the first 2000-time steps (~20 ps) no neck is created between the particles as they must
first close the 2 nm gap between them. Once the particles have joined together a neck is created
and grows rapidly between them. Therefore, a maximum neck size of about 7.5 nm (approximately
equal to the radius of the nanoparticles) is predicted based on the simulation. Sintering between
two identical copper results in a symmetrical neck created equally between the two particles. In a
film of copper nanoparticles; however, the variation between particle size can be quite large (from
4 nm to 100 nm) and will change the necking behavior. To simulate this behavior, another MD
simulation was made with 28 particles with sizes varying from 4 nm to 16 nm in a random 3-
dimensional layout. These particle sizes are chosen based on computational constraints and

randomized diameters. The generated film is shown in Figure 3.7 below.

16 nm

(@) (b)
Figure 3.7: Multi-nanoparticle film generated in LAMMPS with (a) 3-D view and (b) Side view.

Colours and shadings are added to aid visualization.
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To simulate the sintering process, the same conditions are used with the two-particle
sintering simulation. An NVT process parameter and temperature of 279.5°C are used for the
simulation. In this variation, however, the porosity is calculated through the simulation is based
on the simulation border tightly encompassing the nanoparticle film. The porosity is calculated
using the Ovito mesh-grid function at each outputted time step from the MD simulation. The

sintering and densification processes are shown in Figure 3.8 below.

Ionm

(d) (e) ()
Figure 3.8: 3-D copper nanoparticle sintering MD simulation at (a) Ops (b) 10ps, (c) 20ps, (d)

25ps, (e) 30ps, (f) 35ps. Colour and shading added for visualization purposes.

From the MD simulation, it can be seen that the smaller nanoparticles are the first to begin
to sinter and form a necking structure with the closest available nanoparticle. This trend continues
for the increasing size of particles with the largest particles necking and sintering last. After the
simulation is completed, the smallest nanoparticles disappear into the necks of the larger particles

and contribute to increasing the overall necking structure area. The result is a large increase in
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density that can be seen through the decrease in porosity. As it can be seen at the end of the
simulation, a large bulk structure of copper exists with a rough surface and minimized porosity
due to particle size variation. The change in overall porosity of the system can be seen in Figure

3.9.
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Figure 3.9: Changing porosity of the 3-D copper nanoparticle film during sintering. Calculated

using Ovito.

As a result, the unsintered nanoparticle film has an extremely large void fraction of around
0.66 based on the nanoparticles randomly generated to populate the simulation area. As the
sintering process continues, the porosity continuously decreases as densification and necking
occurs until it reaches a maximum void fraction of around 0.35. This large reduction in porosity
will then greatly increase the overall conductivity. By utilizing the equation below (Liu, Li, & Fu,
1999), the resistivity of the film can be estimated based on the porosity values.

1
3(1-0121(1- )?) 37
- — .
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where = resulting resistivity of the sintered copper film, o = bulk resistivity of copper (1.65
pQ-cm), and  is the resulting porosity. Figure 3.10 below then shows the resulting resistivity

changes with changing porosity.
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Figure 3.10: Predicted film resistivity based on simulated porosity changes.

At the end of the simulation, a resistivity value of around 6.8 uQ-cm is achieved. This is
approximately 4x higher than the bulk resistivity of bulk copper. The 3-D multi-particle simulation
then demonstrated the need for simulating multiple particles. Therefore, by considering
densification and porosity changes, a more accurate model was derived. The multi-particle
simulation also aligns nicely with previously reported experimental resistivity values for copper
nanoparticle sintering with IPL. Intensive pulsed light sintering has been able to demonstrate
similar resistivity values (3-10x bulk metals) with a broad band, millisecond scale pulse (Kang,
Ryu, & Kim, 2011), (Lee et al., 2011), (Albrecht, Rivadeneyra, Abdellah, Luglia, & Salmeréna,
2016). Consequently, with the ideal copper nanoparticle sintering simulation being only slightly

above the lower experimentally achieved limit, it can be concluded that the model accurately
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represents the sintering system. The model does; however, have assumptions and limitations that
increase potential errors and could explain deviations from experimental results. These

assumptions and limitations are explained in Chapter 6.

3.3.1 Comparison to Other MD Models

Using MD simulations with LAMMPS to simulate nanoparticle sintering has been done by
previous researchers. Therefore, it is necessary to compare this simulation result against others. Y.
Zhang et al. (2016) studied the effect of silver nanoparticle sintering using this MD method. Two
silver nanoparticles were created with 6663 atoms of FCC structure to create a supercell with a
radius of 3 nm. The nanoparticles are spaced to have a center to center distance of 6.4 nm. Their
simulated silver nanoparticles are shown in Figure 3.11 below are similar to the copper
nanoparticles created for the above simulation. The major difference between simulations is that

they utilized EAM instead of MEAM potentials for predicting particle interactions.

L

Figure 3.11: LAMMPS created sintering model for two silver nanoparticles (Zhang, Wua, Guo,

Jung, & Zhang, 2016) Copyright (2016), with permission from Elsevier.
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Using the neck size data, the Reimann-Weber formula, Eqn. 3.9, was used to calculate the
effective resistivity of the sintered nanoparticles. By setting = 1, the normalized resistivity of
the MD simulation can be calculated and compared to experimental results. Their results are

simulated for two varying sintering temperatures of 150°C and 200°C and demonstrate neck

growth versus time and normalized resistivity versus time. Figure 3.12 below summarizes.
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Figure 3.12: (a) MD simulated neck growth vs. time for silver nanoparticles at sintering
temperatures of 150°C and 200°C and (b) Normalized resistivity calculated from MD neck
growth and the Reimann-Weber formula (Zhang, Wua, Guo, Jung, & Zhang, 2016) Copyright
(2016), with permission from Elsevier.

By comparing their final resistivity and neck growth, similar results can be seen for the
two-particle simulation. Both simulations created neck diameters and their final resistivity was
around 2.5x bulk silver while the simulation in this work estimated a final resistivity of around
1.5x that of bulk copper.

Similar MD simulations have also been done to estimate the sintering of copper
nanoparticles. Alshammery (2018) simulated the neck size of various copper nanoparticles using
a similar LAMMPS simulation at a sintering temperature of around 600°K. The results of neck

size variation are seen in Figure 3.13 below.

71



06 v ———
600 K
( m—Drm
0.5 - —10nm
g 15nm
\E_S/ — 501
.2 04 - e 200M
-
E 30nm
] 0T
E 0.3 1 m—S0nm
e o
L
'u
“ 0.2 -
0.1
0 1 T T T 1
0 50 100 150 200

Time(ps)

Figure 3.13: MD simulation for sintering of various copper nanoparticle diameters
(Alashammery, 2018) © 2018 Alashammery.

Therefore, with the same size nanoparticle of 16 nm, Alshammery (2018) estimated a neck
of around 6 nm which is slightly less than the simulated 7.5 nm in this work. This error could arise
from the simulation temperature variation and the difference in using EAM versus MEAM

potentials.

3.4 Nanoparticle Sintering Model Summary

The objective of this chapter was to develop a model that could accurately represent IPL
sintering and predict the final resistivity of the film. To achieve this objective, the simulation was
divided into two sections; a finite element analysis and a molecular dynamics simulation. The
finite element analysis (developed by Mohsen Hassani) was used to predict the nanoparticle grain
boundary maximum temperature created by the intensive pulsed light pulse. By utilizing
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absorptivity properties of copper nanoparticles and heat flux estimations, the maximum grain
boundary temperature was predicted to be 550°K at an energy intensity of 1.5 J/cm?. Using this
information, a molecular dynamics simulation using LAMMPS was created to determine the
geometric sintering effects in order to estimate resistivity. Two copper nanoparticles of 16 nm
diameters were simulated at the elevated pulse temperature of 550°K to model the necking between
particles. This simulation predicted a neck size of 7.5 nm. Since copper nanoparticle films exist in
three dimensions and have varying particle sizes, it was determined that a more expansive
simulation is needed to accurately predict and compare resistivity to experimental values.
Therefore, a 28-particle simulation was created to estimate sintering while calculating porosity and
densification changes. Utilizing the changing porosity value, the final resistivity of the simulation
was determined to be approximately 4x higher than the bulk resistivity of bulk copper. This
estimate is then in good agreement with previous copper nanoparticle IPL sintering experiments
which have film resistivity being around 3-10x that of bulk copper (Kang, Ryu, & Kim, 2011),
(Leeetal., 2011), (Albrecht, Rivadeneyra, Abdellah, Luglia, & Salmerona, 2016). Therefore, with
the fundamentals of copper nanoparticle sintering modeled, the conductive inks can now be

improved on and to optimize resistivity with higher flexibility, durability, and longevity.
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Chapter 4. Experiment Setup

Copper conductive inks are not purely comprised of nanoparticles. They contain a wide
variety of components to balance viscosity, printability, conductivity, and longevity. Firstly, there
are the main conductivity components on the inks, such as metallic nanoparticles, the solvents, the
polymer binders, and potential acid treatment components. Together, these components create an
ink that is printable, able to be sintered, and highly conductive. Consequently, the ratio of these
components needs to be optimized in order to create a conductive ink with the best overall
properties. In this case, the inks are optimized to have the lowest possible resistivity. For printed
electronic applications, flexibility is also a major concern. Since copper inks on their own are
extremely fragile, any sort of bending or stretching may result in microcracking and therefore, a
loss of resistivity. In addition, since copper nanoparticles are the primary conductivity component,
a resistivity loss over time can occur due to oxidation from exposure to air. To overcome these
issues, various additives such as graphene nanoplatelets (GnP), multi-walled carbon nanotubes
(MWCNTS), and low melting temperature metals are explored to create hybrid copper inks. Even
with these additives, microcracking can still appear due to cyclic strain processes. To resolve this,
a type of self-healing processing called IPL re-sintering is used to restore the inks back to their
base resistivity. For use in printed electronic applications, the hybrid copper inks need to be
patterned to create useful circuits and sensors. Using a simple selective sintering technique, the
films are sintered in a way to create complex circuits and sensors with a fast and simple procedure.
To demonstrate the patterning ability, strain sensors are sintered onto a steel beam and exposed to

an excitation frequency in order to measure the strain on the beam.
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4.1 Materials

Copper nanoparticles are ideal for printed electronic applications due to their ease of being
printed, their relatively low cost of production and their low resistivity. The base hybrid copper
inks are made up of five different components; copper nanoparticles (CuNp), silver nitrate
(AgNO:s), polyvinylpyrrolidone (PVP), formic acid (HCOOH), and diethylene glycol (DEG). The
CuNps serve as the main conductivity component and can be easily sintered via IPL. The AgNOs3
salts and formic acid serve to reduce the oxidation in the copper nanoparticles. Finally, PVP acts
as a binder to keep the film together and DEG is added as a solvent to adjust the viscosity of the
inks. While uniform and small diameter copper nanoparticles are ideal to use for sintering, they
are still not economical for large scale applications. Therefore, the copper nanoparticles used in
these conductive inks will have much larger diameters (~100 nm average) and a wide distribution

of particle size. The distribution of the CuNPs can be seen in Figure 4.1 below.

Figure 4.1: SEM images of dry copper nanoparticles at (a) a 50 um scale and a (b) 10 um scale.

As Figure 4.1 shows, while the average diameter may be specified as 100 nm, there is
clearly a wide range of nanoparticle sizes within the mixture. Particles as large as 50 pm in

diameter can be within the film with much smaller nanoparticles covering their surface. Since
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smaller nanoparticles are known to sinter more quickly compared to larger particles, it is expected
that the sintered copper nanoparticle film will end up with a larger resistivity than most reported
literature values (3-10x bulk copper) that utilize smaller nanoparticle counterparts. However,
sintering is shown to result in lower porosities with a wide range of sizes from the developed
sintering model in Chapter 3. Consequently, it will be interesting to see whether the particle
variation can counteract the effects of the particle size. In any event, this combination of
nanoparticles is ideal to use due to optimizing cost with resistivity minimization.

To improve the flexibility and durability of the hybrid inks, other additives such as
graphene nanoplatelets (GnP), multi-walled carbon nanotubes (MWCNTSs), and field metals
(Gallium, indium, etc.) are incorporated into the composition. While not as conductive as copper
nanoparticles, these carbon-based additives and field metals still contribute to the overall
conductivity while improving durability and flexibility. Figure 4.2 shows the nanostructure of dry

GnP and MWCNTSs used in this work.

(b)
Figure 4.2: SEM image of (2)GnP at 5000x and (b) TEM image of MWCNTs within a polymer

composite (Mahmoodi, 2013).

As the above figure shows, GnP has an extremely large surface area to thickness ratio. This

means that the smaller copper nanoparticles have plenty of surface area to bond to and can create
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large conductive networks. MWCNTS on the other hand have an extremely large length to diameter
ratio. This means that they can spread throughout the film and provide additional conductivity and
flexibility without interfering with copper nanoparticle sintering.
4.1.1 Chemicals

For the preparation of the CSG inks, commercial copper nanoparticles (average diameter
of 100 nm) were purchased from Tekna (Quebec, Canada). Silver nitrate (AgNOs3), poly (N-
vinylpyrrolidone) (PVP, MW: 40,000 g mol™), diethylene glycol (DEG), and formic acid
(HCOOH) were obtained from Sigma-Aldrich. Graphene nanoplatelets (GnP) 25 m in length
were purchased from XGnP (Vermont, USA). Multi-wall carbon nanotube (MWCNT) with 30—
50 nm outer diameter and 10-20 m length was purchased from Cheaptube. The field metals used
in these experiments were obtained from Digikey and are low melting temperature solder wire
variations. In97/Ag03 (ChipQuik) and In52/Sn48 (ChipQuik) are used for experimental analysis.

Using the above-mentioned chemicals, the conductive inks can be formulated.

4.2 Hybrid Ink Formulation

To thoroughly test and compare all additives in the copper inks, 5 variations of ink are
created. There is the standard copper ink (C), the hybrid copper silver ink (CS), the hybrid copper-
silver-graphene nanoplatelet ink (CSG), the hybrid copper-silver-MWCNT ink (CS-CNT) and the
hybrid copper-silver-graphene nanoplatelet MWCNT ink (CSG-CNT). The hybrid conductive
copper inks are produced by combining metallic copper nanoparticles, silver nitrate, graphene
nanoplatelets (GNPs), MWCNTSs, PVP, HCOOH and DEG. The exact optimized composition for

each variation is shown in Table 4.1 below.
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Table 4.1: Hybrid Copper based Inks Composition.

CuNP  AgNO; GnP MWCNT  PVP HCOOH DEG
(@) (@) (@) (@) (@) (mL) (mL)
C 1 0 0 0 0.06 4 2
Cs 1 0.15 0 0 0.06 4 2
CSG 1 0.15 0.1 0 0.06 4 2
CS-CNT 1 0.15 0 0.1 0.06 4 2
CSG-CNT 1 0.15 0.05 0.05 0.06 4 2

To create the conductive inks, the following procedure is used. For the hybrid CSG, CS-
CNT or CSG-CNT inks, the GnP and/or MWCNTSs are added to a vial containing an aqueous
solution of formic acid and mixed via vortex mixing and sonication. This results in the creation of
hydrophilic graphene oxide which becomes well dispersed in the mixture. Next, for all ink variants,
metallic nanoparticles are added to the solution of formic acid, using both vortex mixing and
sonication again. The formic acid then serves to generate copper formate and further remove the
oxide layer from the copper nanoparticles (see Eqn. 4.1). Next, in the hybrid copper-silver variants,
silver nitrate is added to the same mixture and mixed again via sonication and vortex mixing. The
silver nitrate reacts with the copper nanoparticles to form a solid silver coating (see Eqgn. 4.2) via
a galvanic replacement reaction. In a separate vial, PVP is added to a solution of DEG. The mixture
is vortex mixed and sonicated until the PVP is completely dissolved. Both solutions are then
combined in order to create the conductive ink. The resulting solution is well stirred, vortex mixed,
and sonicated for at least 30 minutes in 30°C water bath before application. This ensures that all
components are well dispersed. The reactions described above are displayed below (Yim,

Sandwell, & Park, 2016):
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The created inks can be applied to a variety of substrates via a printing technology
discussed in Chapter 2. For the purpose of laboratory ink optimization, the doctor blade method is
used to create uniform films on the surface of various substrates such as soda lime glass, PET
(IBM 24L5255), and acrylonitrile butadiene styrene (ABS) using a mask. For most testing
applications, the film is created using a 1.3 cm x 1.3 cm square nickel metal mask. Figure 4.3
shows the deposited film on a textured PET substrate. As the figure shows, when the copper ink is

on a flexible substrate, the ink can bend with it without immediately microcracking.

Figure 4.3: Deposited hybrid CS ink films using the Doctor Blade method onto a textured PET
substrate; (a) straight, and (b) bent.

To ensure that the deposited ink film can sinter effectively, all solvents must be removed.
Therefore, the deposited film is dried at 120°C on a hotplate for 10 minutes to remove any residual

solvents. As an extra step, the dried films are then placed in a vacuum oven for at least one hour
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to completely remove any remaining solvents. To induce conductivity in the dried film, the hybrid

inks are then sintered using IPL treatment (see Eqn. 4.3) (Yim, Sandwell, & Park, 2016).

A
( )2( y ° ()"‘2 2+ o 4.3

As Eqn. 4.3 shows, the copper formate crystals under the presence of IPL energy break down into
pure copper. This reaction then aids the sintering process by creating more copper for particle
necking and reducing the presence of oxides within the film. The result is a highly conductive ink
after IPL sintering treatment.
4.1.2 IPL Sintering

Once the films are deposited onto a substrate, they are still non-conductive. Therefore, to
make them conductive, an intensive pulsed light (IPL) treatment is applied in order to induce
sintering. For this research, IPL sintering was chosen due to its fast processing time, millisecond
pulse exposure, ease of use, broadband pulse range, and most importantly; its ability to keep the
substrate relatively cool (below glass transition temperature of most polymers) while still reaching
predicted sintering temperatures of around 300°C at the surface. To test IPL sintering, two different
flash units are used to sinter the copper nanoparticle films; Speedotron 4803 (Unit A), and a more

complex and precisely controlled Xenon S-2300 (Unit B).

(b)
Figure 4.4: (a) Speedotron IPL unit and (b) Xenon S-2300 (Xenon Corp).
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Both IPL devices can sinter the copper nanoparticle-based films. Unit A operates at a fixed
~6 ms pulse time with a power level variation from 0-4000 W. Unit B, on the other hand has
adjustable pulse times (down to 1 ms) and rapid dual pulse capabilities. For the extent of this work,
only the single pulse functionality is used on Unit B. The irradiance spectrum band of both IPL
units are also very similar. Figure 4.5 shows Unit A covering wavelengths from 400 nm to 950 nm
and unit B having a spectrum band of 350 nm to 1050 nm. Since both spectrum bands contain the
plasmonic resonance frequency of copper nanoparticles, optimal sintering (based on minimizing

resistivity and surface cracking) will occur.
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Figure 4.5: Spectrum Band of IPL Unit A and B.

N
()]

-k
[$)]

Absorbance (A.U.)
Absolute Irradiance

5

200 400 600 800 1000
Wavelength (nm)

The effect of IPL irradiance on the ink films is demonstrated in Figure 4.6. The non-
sintered inks for the inks are shown in the top row. Since these inks are before IPL treatment, the
deposited films are of a dark grey colour and show minimal electrical conductivity (confirmed by
4-probe resistivity measurements, 34460A, Keysight). The films on the second row shown in
Figure 4.6 then show all the ink variants after IPL treatment. A significant colour change to copper
is noticed in all the films and as a result, they are now highly conductive, around 0.07 Q/sg. In the

ink variants with GnP present (CSG, CSG-CNT), the GnP can be noticed in the surface after the
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IPL process. These large black sections show the embedded carbon and contribute to the overall

conductivity.

(€) (CS) (CSG) (CS-CNT) (CSG-CNT)

Pre
IPL
Flash

After
IPL
Flash

0 Q) ) 0 ()

Figure 4.6: Non-sintered films (1cm x 1cm) for (a) C, (b) CS, (c) CSG, (d) CS-CNT, (e) CSG-
CNT and sintered films for (f) C, (g) CS, (h) CSG, (i) CS-CNT, (j) CSG-CNT.

In summary, the 5 main variants of the conductive inks can be deposited onto a wide variety
of substrates such as soda lime glass and textured PET. Once on the substrate, the conductive inks
are dried in order to create a non-conductive film with no remaining organic solvents. To induce
conductivity, the films are sintered using an intensive pulsed light method. With the millisecond
exposure time and high intensity of light, only the copper nanoparticles heat up to sintering
temperatures. The effect of sintering is noticeable on the macroscale as a significant colour change
from dark grey to a brighter copper colour. The effectiveness of IPL, including resistivity

measurements are described in detail in Chapter 5.
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4.3 IPL Sintering Optimization

Before the experimental results can be discussed, the optimal sintering conditions need to
be determined. To test the optimal sintering conditions for the hybrid copper ink variations, the
main hybrid ink composition (CSG) ink will be used. With the optimal sintering parameters
calculated, all the hybrid inks can be compared with the same sintering process. Since there are
two IPL sintering units, the detailed optimization will be based on the IPL treatment from Xenon
S-2300. The optimization experiment will be a factorial design for a response surface that
minimizes electrical resistance.

The resistance of the sintered inks is a function of the total irradiance (or fluence) emitted
from the xenon bulb during the IPL process. The fluence is then a function of 3 main factors; pulse
number, pulse intensity, and sample distance from the bulb. The pulse number would be considered
a categorical factor (increments of 1, 2, 3, etc.) and the pulse intensity/sample distance would be
considered as a numeric factor (continuous value). The factor settings for this experiment will be
chosen based on a limited design space. The actual space for the sample distance is 0 cm to 33 cm;
therefore, the settings for the experiment are chosen to maximize the experimental space while
leaving enough room for potential axial points. The total potential pulse power and pulse number
is also limited by two critical numbers. The pulse must be powerful enough to sinter the copper
inks, but not powerful enough that the inks are damaged. Preliminary experiments were run and
determined that the critical sinter value (where sintering first begins) occurred at 1 pulse at 2450V
(~2.25 J/lcm?) at just below a 5 cm distance. Give the design space of the experiment, a 3 level or
3¥full factorial design would be optimal to determine the statistical significance of all three factors
with no aliasing. Since 3 factors are used in this experiment, a full factorial or 3* experimental

design would require 27 experiments with no replications. However, since the goal is to optimize
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and not determine factor significance, we need to test for curvature and consider quadratic
responses. Therefore, it is more appropriate to use a center composite design (CCD) with equally
weighted axial points. With one of the factors being categorical, having three levels results in a
significant number of required experiments (39) according to DOE methodology. By considering
the design space that we are in, the 3rd pulse categorical number can be eliminated due to surface

damages. The experimental parameters and their corresponding coded values are seen in Table 4.2.

Table 4.2: Actual and coded factor values for IPL optimization experiments for the Xenon S-
2300.

Actual Value Coded Value

1 Level 1

Pulse Number 5 Level 2
2450 vV -1
Pulse Intensity 2650 V 0
2850 V 1
5cm -1
Sample Distance 10 cm 0
15cm 1

From experimental observation, it is known that a threshold of irradiance on the conductive
copper inks must be met in order to initiate sintering. Therefore, a CCD is run with 3 center points
at each categorical factor level. This setup results in a total of 22 experiments. The three levels of
center points are the minimal requirements in order to determine curvature for the response
problem and to estimate the mean squared error (MSE). The experiment is run in a random order
in order to minimize error and avoid experimenter bias. Since the experiment is occurring in an
ambient laboratory environment, noise factors such as temperature and pressure variations are
ignored now since the variations are relatively minimal. The measured response for the experiment

IS 2-probe resistance.
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Using Design Expert 11, an ANOVA can be conducted. A cubic model is fitted with higher
order terms assumed to be insignificant on the model. From the analysis, it can be seen that the
model is significant at a 95% confidence range. From the main effects, the pulse intensity and
sample distance are significant, while the pulse number appears to be insignificant on its own at
95% confidence. The AB, AC, and BC interactions are also all significant along with the three-
way interaction and a few of the cubic terms. Physically, these results make sense as all three of
these terms contribute to the sintering effect and that pulse number must interact with another
factor to influence sintering. The R? value is reasonable at 96%, with the adjusted and predicted
values being close (within 0.2). Analysis of the residuals in Figure 4.7 also shows that the measured
data fits nicely on a normal probability plot for the cubic model. It is worth noting that a minor

lack of fit problem does occur in the model.
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Figure 4.7: Residuals plot for the reduced cubic model for optimizing IPL parameters.
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Using the Design Expert 11 optimizer, the optimal minimized 2-probe resistance within
the design space can be calculated. If the objective is to simply get the 2-probe resistance to under
1 ohm, the following overlay plot can be of use. The value of the categorical variable is held at 2
pulses. Any factor combination of the 2-pulse categorical level that falls within the yellow region
is suitable for having a minimal resistance. Both sample distance and pulse power are easy enough

to change so the combination is up to user preference.
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Figure 4.8: Overlay plot for determining the optimal sintering parameters for the hybrid CSG
ink..

Consequently, for the ease of setup, the optimal conditions are chosen as 5 cm sample
distance, 2 pulses and 2672 V (2.75 J/cm?). This optimal condition, however, only applies to the

CSG inks on the Xenon S-2300. A similar type of experimental design is run for the copper only
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(C) inks with the sample distance set at 5 cm for easy comparison of required IPL sintering. To
correctly measure and compare the inks, the resistivity of each sintered sample needs to be
calculated. Since the 4-probe meter only measures the sheet resistance, the sintered depth needs to

be calculated in order to determine the correct resistivity.

4.4 Selective Sintering

Instead of sintering the entire deposited hybrid ink film, sections can be selectively sintered
to create complex micropatterns. As discussed in Chapter 2, methods such as selective deposition
and selective laser sintering have been explored to create complex micropatterns onto conductive
inks. These methods; however, tend to suffer from limited design resolutions, complex equipment
requirements, and long process times. The lithographic selective sintering method described in this
work is a simple, ultra-fast (millisecond sintering) and economical approach to create detailed
micropatterns.

The non-sintered deposited hybrid ink films are placed under a chemically machined nickel
metal mask patterned with a strain sensor design. By utilizing a custom transparent sample holder,
as seen in Figure 4.9(a), the films and masks are held close under a slight compressive force and
are processed using IPL. The compressive force is required to keep the patterned mask pressed
against the film. Since the non-sintered surface is rough, the mask can be slightly pushed off the
surface. Any deviation from the surface will result in a patterning defect and a loss in patterning
resolution. After this step, the films become selectively sintered and have the pattern from the
metal masks traced into the conductive copper film. To facilitate the addition of ancillary
electronics, the conductive silver epoxy is used to connect the films to copper wires that connect

to a data acquisition system. For protection, the exposed copper film is sandwiched with a second
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layer of PET and laminated. To study the utility of this conductive copper ink as a strain gauge,

three designs as used; Figure 4.9(b,c,d) shows the size and geometry of the three patterns in

XENON FLASH TUBE

increasing grid density.

BOROSILICATE GLASS

METAL MASK

SELECTIVELY 2
SINTERED INK — ‘

PET SUBSTRATE ‘ V

BOROSILICATE GLASS

(a)

(b) (©) (d)

Height (mm) 5.0 5.0 5.0
Width (mm) 4.0 4.0 4.0
Line Thickness (um) 600 400 200

Figure 4.9: Compressive selective sintering method showing the CSG ink on top of the PET
substrate and below the metal mask in a borosilicate glass sandwich. A light pulse from the
Xenon flash tube then selectively sinters the ink in the shape of the mask. (b) Lithographic
selectively sintered Strain gauge of mask 1 — two end loops with 600 pum line thickness, (c) mask
2 — three end loops with 400 um line thickness, (d) mask 3 — five end loops with 200 pum line
thickness.
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Consequently, this method demonstrates a simple method to create complex patterns such
as strain gauges. Figure 4.9(b,c,d) shows the traced mask pattern within the film. Since the non-
sintered part of the film (black sections) are non-conductive, it does not affect the conductivity and
electrical signal transfer in the sintered sections. This means that the non-sintered film does not

need to be removed or etched away. This results in an ultra-fast (millisecond) and simple process

that creates highly detailed patterns.

Figure 4.10: Selective sintering for complex circuit designs.

Using other mask variations, various complex patterns can also be created by using
selective sintering. Figure 4.10 shows a film that is sintered with the University of Calgary pattern
into the film. Consequently, it is demonstrated that a large surface area, not just a smaller strain
gauge, can be rapidly patterned with a single IPL pulse. Note that the end of the sample, last part
of Calgary is less sharp due to the limited flash area of IPL Unit A. The use of IPL Unit B with the

long xenon flash tube would sinter all sections equally.

4.5 Characterization Experiments

In order to characterize and optimize the above variations of inks, the inks must be tested
against three major parameters; resistivity, oxidation resistance, and flexibility. In order to test
these parameters, the inks will have their surface morphology characterized and their base

resistivity determined. Then to determine their performance, the resistivity profiles under cyclic
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bending and in oxidation prone environments will be determined. Using this data, the conductive
inks can be compared to other IPL literature values along with the model prediction for resistivity.
The selective sintering method is then characterized though the creation of strain sensors. These
sensors are tested to determine the real time strain of a steel beam under various excitation

frequencies.

4.5.1 General Characterization

The morphology and crystalline structure of the hybrid copper-based films are
characterized through a scanning electron microscope (XL30- ESEM), X-ray diffraction (XRD),
and an optical profilometer (Zeta 20) microscope. The resistivity of the conductive films is
measured using a four-probe station connected with a multimeter (34460A, Keysight). The
adhesion to the flexible polymer substrate is then examined using ASTM standards D3002/D3359.
To benchmark and compare hybrid ink flexibility, a cyclic bending test is conducted using a Mark-
10 tensile tester. The micro-pattern strain sensor films are then characterized using a setup that
includes a shaker table (B&K 4808) connected to a function generator (BK Precision 2053), power
amplifier (B&K 2712) and a data acquisition system (DAQ, NI 9237).

With using resistivity as a baseline comparison between all the inks, it is necessary to
clarify the way it is measured. There are essentially three major ways to determine how conductive
a sample is; the 2-probe resistance, sheet resistance, and resistivity. The two-probe resistance is
simply the resistance (voltage over current according to Ohms Law) measured between two probes.
Even with the distance between the probes known, it is a hard value to compare and is extremely
prone to measurement errors. Sheet resistance, on the other hand, is a far more accurate way of
measuring the films conductivity and is most commonly used for comparing thin films of uniform

thickness. Sheet resistance is commonly measured as ohms per square (€/sq.). To determine sheet
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resistance, a 4-probe measurement system is required. Figure 4.11 below shows the 4-probe setup
utilized in the multimeter (34460A, Keysight). Eqn. 4.4 then shows how the multimeter calculates

the sheet resistance,  (Smits, 1958).

= - 4.4
“In(2) '
where A is the voltage difference between probes 2 and 3 and is the current between the outer
probes 1 and 4. For the sheet resistance to be accurate, all probes must be equally spaced. This

probe meter has them 1 mm apart.

(@) (b)

Figure 4.11: (a) Schematic of the 4-probe station used to calculate sheet resistance and (b)
34460A, Keysight 4-probe station

Since films between various work are not uniform, sheet resistance is not an optimal way to
compare electrical properties. Therefore, resistivity is used. Using the sheet resistance, it is then
possible to determine the resistivity. To obtain resistivity, p in units of Q-m or uQ-cm, the sheet

resistance can be converted via Eqn. 4.5 below (Smits, 1958):



where t is the thickness of the sample. Therefore, resistivity becomes an intrinsic property that is
easy to compare. The main issue with resistivity, however, is calculating the thickness t. The entire
films are known to be 100 um (measured optical cross-section) thick but, sintering does not occur
throughout the entire film. Therefore, the sintered depth needs to be determined in order to

accurately calculate resistivity.

4.5.2 Sinter Depth Analysis

To determine the correct bulk resistivity for each micro-pattern, the sintered volume and
depth needs to be characterized. Due to the nature of the IPL process, the hybrid copper inks may
only partially sinter, forming a conductive layer at the surface of the film where the energy is
directly applied. To accurately measure the sintered depth of ink in each experiment, sintered
hybrid copper ink films are encased in an epoxy mixture and cut normally to the surface using a
diamond saw to create an exposed cross section. After polishing down to 3 micrometers using a
diamond lapping paste, the samples are imaged using an optical 3D profilometer (Zeta-20) to

determine the depth of sintering. The sintered mold can be seen in Figure 4.12.

(b)

Figure 4.12: (a) Sintering samples in sample holder, (b) Sintered samples encased in

epoxy mold and (c) sintered samples cut in half with diamond saw and polished.
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With these optical images, the depth of sintering can be easily determined at varying power
IPL levels. Consequently, a depth profile to IPL power can be created in order to estimate the
sintering depth for all the samples. Then by utilizing Egn. 4.5, the resistivity can be calculated and
compared to other literature values and the sintering model output.

4.5.3 Oxidation Analysis

With the use of pure copper nanoparticle in conductive inks instead of silver and gold,
oxidation becomes a concern. While the use of formic acid, and IPL sintering mitigate the
immediate oxidation of the sample, oxidation over time can still occur. Since the film is highly
porous and exposed to air, oxygen can penetrate throughout the sample and oxidize the copper
over time. This will then reduce the resistivity of the sample and therefore the lifetime of the copper
conductive inks. The various additives such as, silver nitrate, GnP, and MWCNTSs on the other
hand, can mitigate the oxidation problem over time.

To test the effect of these additives on oxidation, four variations of inks are made; copper
only ink, copper-CNT ink, Cu-GnP ink, and Cu-GnP-AgNO:s ink. Since oxidation is a slow process,
the test will be carried out in an accelerated oxidation environment. The electrical resistances of
the inks are monitored for approximately 4 hours while under an applied heat treatment of 180°C
via a hotplate. The resistivity changes for each ink variant in this experiment can then be correlated
to an increase in copper oxide formation.

4.5.4 Cyclic Bending and Self-Healing Analysis

Since the inks are designed for flexible printed electronic applications, changes in
resistivity over bending must be minimized. To characterize this, the inks undergo cyclic bending
tests using a tensile tester (Mark-10 G1074) and a 2-probe multi-meter (Fluke 87) to analyze the

change in resistance over multiple cycles. To accurately compare the performance of the ink films,
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15 mm by 10 mm films are prepared onto 45 mm x 10 mm textured PET substrates (IBM 24L.5255)
where the adhesion is maximized to minimize microcracking during bending. Both films undergo
1000 bending cycles with the 2- probe resistance measured every 100 cycles. A 2-probe
measurement system is used instead of the more consistent 4-probe system due to experimental
setup limitations. A 2-probe measurement can be made without removing the sample from the
tensile tester. A 4-probe measurement requires the sample to be removed and therefore increases
the risk of sample damage and adds inconsistencies to the experiment. Therefore, a 2-probe
measurement is determined to produce the least errors and will still show the resistance change
trend that is the focus of the experiment. A bending radius of 3mm is calculated for the films by

utilizing the formula below (Park et al., 2008):

o 2 4.6
2 \/——m

Where L, the distance between the grips on the Mark-10 tensile tester is 15 mm, dL, the movement
of the upper grips is 9.5 mm, and hs, the thickness of the PET substrate is 0.1 mm. The setup is

shown in Figure 4.13 below.

Figure 4.13: Mark-10 tensile tester setup for cyclic bending tests with films at (a) before bending

(b)

and (b) at a bending radius of 3mm.
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Using this data, the hybrid inks can be compared to determine the effect of various additives
on the bending performance of the film. Since the bending test also creates microcracking within
the surface of the film, the bending tests also provide an opportunity to test the IPL self-healing

inks. By re-sintering the damaged films, the effect of the SHIs can be characterized.

4.5.5 Strain Sensor Analysis

To characterize the strain gauges, each micro-pattern must be benchmarked and compared
to commercially available strain gauges. With the results from benchmarking, a Wheatstone full
bridge can be constructed as in Figure 4.14(a). The strain sensor will replace resistor Rz within the
Wheatstone full bridge. Resistors with a similar impedance to the strain gauge micro-pattern can
be selected for R1, Rz, and Rs. This will then allow for a highly sensitive sensor response to be
characterized. The sensors are then tested using a simple, single fixed-point beam bending test

setup with a shaker table as in Figure 4.14(b).

Reference IPL
Sensor Sensor

!

Clamped
Connection

Figure 4.14: Wheatstone Full Bridge to increase Sensor Sensitivity, and (b) Set-up of Single-

Point bending test for strain gauge characterization.

The setup includes a shaker table (B&K 4808) connected to a function generator (BK
Precision 2053), power amplifier (B&K 2712) and a data acquisition system (DAQ, N1 9237). The
strain response is then characterized on aluminium bending bars (34.5cm in length) and compared

to the varied sintered micro-patterns from Figure 1(b-d) and commercially available foil strain
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gauges (Omega SGT-1/350-TY13). The testing is carried out in real time with a sinusoidal
excitation frequency from the function generator.

The integration of hybrid copper inks with 3D printing is demonstrated by applying micro-
patterned strain gauge designs into a 3D printed ABS cantilever beam. A 3D printer (Flashforge

3D) fabricated a 130 mm by 2 5mm by 3 mm cantilever beam for direct ink deposition.

e

Actuator Amplifier § N
, 3D-printe

Sensor Amplifier .g\ ‘

~ Actuator

— Embedded Sensor

Figure 4.15: Imbedded printed strain sensor measurement setup.

The ink is selectively sintered using the IPL process and the top layer of ABS cantilever
beam with embedded circuits is attached on top of it, encasing the copper ink pattern within the
cantilever. The embedded circuit within the beam leads to exposed conductive ends for wiring
(Figure 4.15). By conducting the bending test on two different materials, the versatility of the
selectively sintered inks can be shown. Whether it is a simple PET film glued to a metal beam or
directly deposited and integrated with 3D polymer printing, the inks will be able to accurately

detect strain.

96



4.6 Self-Healing Ink formulation

Even with the additives described above, the conductive inks still have limited flexibility
due to microcracking over time. To overcome this issue, it is optimal to have the ink films “self-
heal” and repair themselves. To achieve this, more energy must be added to the system. Therefore,
the damaged and microcracked inks will be repaired via IPL re-sintering. In the standard copper
inks, IPL re-sintering will not be effective as the copper films will be more likely to crack further
due to thermal stresses within the film. As a result, another low-melting temperature additive is
needed to have IPL re-sintering be effective. To create self-healing inks, low melting temperature
solder wire (In97/Ag03) is melted in a solution of diethylene glycol (DEG) at 200°C. Once the
solder wire is melted, the solution is immediately vortex mixed and sonicated to break the bulk
liquid into microparticles. The solution is then allowed to cool to room temperature in order to
stabilize the newly created powders. Figure 4.16 shows the created particles along with the
measured size distribution. PVP is then dissolved into this mixture using both vortex mixing and

sonication.

A .
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(@) (b)
Figure 4.16: (a) Created solder wire microparticles and (b) SEM photo showing the dried

created particles.
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Next, copper nanoparticles are added to another solution of formic acid and vortex
mixed/sonicated once again. The mixtures are then combined and well mixed. Finally, silver
nitrate is added. The resulting solution is mixed a final time. The amounts of each component used
in the ink composition can be found in Table 4.3. These inks were optimized to have enhanced

oxidation resistance, durability, and conductivity.

Table 4.3: Composition for IPL self-healing inks.

CuNP In97/Ag03 In52/Sn48 GnP PVP HCOOH DEG

(9) (9) (@) @ (9 (mL) (mL)
SH1 1 1 0 0.1 0.06 4 1
SH 2 1 0 1 0.1 0.06 4 1

The substrates for the self-healing conductive films are made of textured PET (IBM-
241.5255) due to its high flexibility and strong adhesion to the ink. The films are created by using
a nickel metal mask and doctor blading a uniform film on the deposited ink. The films are then
dried on the hotplate at 120°C for 10 minutes to evaporate any residual solvents. The dried films
are then placed inside a vacuum oven for at least an hour to ensure all solvents are removed. The
inks are then sintered via IPL using the same technique described above for the standard hybrid

inks.

4.7 Summary
Hybrid copper inks are created in order to improve flexibility, resistivity and oxidation

resistance. The hybrid inks are optimized with varying components of copper nanoparticles, PVP,
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DEG, formic acid, GnP, and MWCNTSs. The conductive inks are then characterized by depositing
the inks onto substrates using a simple metal mask and doctor blade application method. The films
are dried and sintered by IPL equipment to make them highly conductive. A self-healing version
of the ink is also created by adding low melting temperature field metals into the solution. With
an IPL re-sintering approach, the loss of conductivity due to mechanical damages should be
recovered. To characterize the effectiveness of the hybrid copper inks, surface morphology tests
such as SEM and XRD analyses are carried out. The resistivity of all the samples are also compared
by determining the sheet resistance via a 4-probe meter and a sintered depth analysis to determine
the depth of sintering. Oxidation tests in accelerated environments for various additives also
demonstrate the ability of the hybrid inks to resist oxidation compared to the standard copper only
inks. Cyclic bending tests also show the need for self-healing inks as microcracking can become a
serious problem. With IPL self-healing, the microcracks can be repaired and recover the
conductivity with the addition of field metals into the mixture. Finally, the deposited films are
patterned with a rapid and simple selective sintering approach. With highly detailed strain gauges
produced, the inks are tested on an aluminum beam and exposed to an excitation frequency. The
resulting strain will be measured and compared to commercially available strain gauges. The

results from the above experiments are discussed in the next chapter.

99



Chapter 5. Experimental Results

Copper conductive inks without certain additives are prone to oxidation and cracking,
making them non-ideal for flexible printed electronics. With the addition of the additives such as
silver salts, GnP, MWCNTSs, and field metals, hybrid copper inks become resistant to oxidation
and to cracking under bending and stretching scenarios. By utilizing the previously discussed
testing and characterization regiment, the hybrid inks will be shown to have better electrical and
bending properties than standard copper inks and become ideal for flexible printed electronic
applications. The optimal ink composition discussed in Table 4.1 is shown to be CSG and will be
the focus of experimental analysis in this section. Firstly, using optimal sintering conditions, the
pulse intensity is varied at a fixed pulse number and sample distance in order to determine a
resistivity profile and sintering depth profile versus pulse intensity for each ink. Using the sintering
depth information and the measured sheet resistance, the resistivity of the hybrid ink variants can
be correctly calculated and compared to the model and other literatures. The effect of sintering on
copper nanoparticles is also examined using a 3D profilometer in order to examine the necking
behavior as pulse intensity increases. To characterize the role of GnP in the inks, SEM images are
taken at varying pulse intensity levels for both the copper only ink and the CSG ink. The effect on
the nanostructure is compared to results from oxidation and cyclic bending experimental results.
Even with the addition of GnP, the hybrid inks can still be damaged and cracked over time.
Consequently, it is shown that by adding field metals into the inks, an IPL self-healing process can

be successfully used to better recover conductivity.
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5.1 IPL Power to Sintering Depth Characterization

To determine the corrected resistivity, two items are required; the sheet resistance and the
sintered depth. The sheet resistance is determined via a 4-probe meter and the sintered depth is
determined by the methods described in Chapter 4. To determine an accurate estimate of the
sintered depth, the copper (C) ink and CSG ink are utilized. It is theorized that the sintering depth
for the CSG ink will be greater due to the large surface area of the GnP and its high thermal
conductivity properties. Therefore, the heat from the IPL pulse should be able to penetrate deeper
and sinter more copper nanoparticles. A cross section of the samples is examined with an optical
microscope to determine the exact sintered depth of both inks. The cross section of copper ink
samples shows distinguishable layers of epoxy potting, sintered ink (marked with dotted lines),
non-sintered ink and the glass substrate. The layers are not perfectly flat, and the thickness varies
slightly; ten different measurement points were taken for each condition to obtain average sintered
depths. Figure 5.1 shows an example of the difference between the sintered layer and non-sintered

sections at 1.46 J/cm?, the determined optimal IPL energy intensity for the (C) ink.

Non-Sintered Layer”

-

4
-

Figure 5.1: Cross section images of a hybrid inks sample at energy level of 1.5 J/cm? for the
copper only (C) ink.
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As the figure shows, it is easy to distinguish between the sintered layer (copper colour),
the borosilicate glass (bottom), and the non-sintered section (black colour). Using this information,
the sheet resistance and sintering depth for the copper inks (C) can be correlated to varying energy

density as seen in

Figure 5.2.

30 1 I —~A~-Sintering Depth | 1.00
[ - M- Sheet Resistance [ 090
— 25 o
- 0.80 3
3 &
. - 070 S
< ()
= - 060 O
Q. c
8 15 - 050 O
b - 040 Q
g 10 L 030
< @
5 - 020 @
- 010

0 0.00

0.85 0.95 1.05 1.15 1.25 1.35 1.45 1.55
Sintering Energy Density (J/cm2)

Figure 5.2: Varying IPL energy density to sheet resistance (red) and sintering depth (black) for

the copper conductive ink (C).

Consequently, as IPL energy density increases, the sheet resistance will decrease as well.
A minimal threshold of ~1 J/cm? is required to induce sintering within the film as seen by the sharp
drop in sheet resistance. After 1.45 J/cm?, the copper ink (C) samples begin to rapidly increase in
sheet resistance (data not shown due to rapid increase). This rapid increase is due to surface
cracking from large thermal stresses that occur within the film. Therefore, the sintering energy
density must be within a range of 1-1.45 J/cm?. By analyzing the sintering depth of the copper only
inks, an estimate for the sintering depth can be created. With damage after 1.45 J/icm?, the

corresponding sintering depth of 22.5 £+ 2.25 um should be used to estimate resistivity instead of
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the total film depth of 100 um. This value, however, only applies to the copper ink (C) samples.
As seen with the optimization of the CSG inks, a value of 2.75 J/cm? is optimal for IPL unit B
based on minimizing resistivity and mitigating surface cracking.

The sintering depth for the CSG inks were determined using IPL unit A. Therefore, the
sintering power is displayed in terms of watts. The results for sintering depth with changing IPL

power are shown in Figure 5.3.
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Figure 5.3: Varying IPL energy density to sheet resistance (red) and sintering depth (black) for
the CSG ink.

As the figure shows, an IPL power threshold is also required to induce sintering within the
CSG ink. The optimal power level was determined to be 1 pulse at full power (4800 W) for IPL
Unit A and results in an average sintering depth of around 50 um, around double the depth of the
copper only ink. Therefore, it is demonstrated that GnP does allow sintering to a greater depth in
the hybrid ink films. Therefore, each ink variation must have its optimal energy density determined
separately to create the lowest possible resistivity. By using the sintering depths for the copper

inks and CSG inks, the resistivity can be calculated and estimated for the remaining ink samples.
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5.2 Resistivity Characterization

With an estimated sintering depth of 22.5 um for the copper inks and 50 um for the CSG
inks under optimal sintering conditions, the resistivity of the inks can be calculated from the sheet
resistance by using Eqn. 4.5. With the resistivity of all the hybrid ink variants calculated, they can
be easily compared to the sintering model and other works. Figure 5.4(a) below shows the 2-probe
resistance of all the ink variants measured between 4mm probes. Figure 5.4(b) then shows the
difference in comparisons when the corrected resistivity is used. It is important to note that these

samples are now sintered with IPL unit A which has different optimal pulse sintering conditions

since the unit operates at a fixed 6ms pulse.
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Figure 5.4: Resistance data for the variations of created inks where (a) shows the 2-probe

As the 2-probe resistance data shows, all the ink variants appear to have similar electrical

properties. All resistances are fairly low (with exception to self-healing ink 2) and have minimal
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variation. The CSG-CNT also appears to be the most conductive and is significantly better than
the copper only ink in terms of resistance. However, when the corrected resistivity is estimated,
the data tells a different story. The inks that are largely copper (C, CS) have relatively low
resistivity values of 17.36+£3.5 pQ-cm and 20.13+£3.3 uQ-cm respectively. The other inks with
additives then increase significantly with the hybrid CSG ink having a resistivity of 131.3+14 pQ-
cm. The discrepancy between the 2-probe resistance and the resistivity is due to three main factors;
the resistance of the GnP, the sintering depth, and the contact resistance. The bulk resistance of
copper is known to be 1.65 uQ-cm. The bulk resistivity of GnP, on the other hand, is significantly
higher. A dry film of IPL flashed GnP, for example was measured to have a sheet resistance of
8.29 +2 [J[1sg. compared to a film of CuNp flashed ink of 0.07+0.2 [1[Jsq. The sintering depth
also makes the resistance appear lower for the inks containing GnP and MWCNTS. Since the film
is able to sinter to a deeper level than the copper inks, the sheet resistance and the 2-probe
resistance will appear lower. By factoring the sintering depth into the electrical property data, the
resistivity value for GnP and MWCNT inks will increase. In addition, the 2-probe resistance only
checks the resistance of the current between two probes and therefore cannot capture the electrical
properties of the bulk system. Since the 4-probe measurement compares the voltage drop and
change in current over two different lengths, a more accurate picture of the system can be
determined. Therefore, based on the resistivity measurements the additives within the ink do
increase the overall resistivity. This increase, however, does not make the inks useless as they still
do conduct electricity fairly well on the bulk scale. As other experiments will show, the negatives
for the increase in resistivity can be offset by enhanced oxidation prevention, increased flexibility

and allowing for strain sensing applications and IPL self-healing potentials.
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5.3 Surface Characterization

To understand how the hybrid inks change during the sintering process, the surface
morphologies are investigated. The surface morphologies of the samples are investigated using the
3D profilometer and SEM imaging to provide more information of the surface sintering effects.
First, the effect of sintering on the hybrid CS is investigated with the 3D profilometer. Three

images are taken in Figure 5.5: (a) non-sintered, (b) half-power sintered, and (c) fully sintered.
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Figure 5.5: Optical profilometer images of hybrid CS ink samples: (a) non-sintered, half

sintered, and (c) fully sintered.

Observing the 3D profilometer images of the non-sintered samples, copper formate
(Cu(HCOO)>) crystal structures are present and embedded in copper nanoparticles. As the image
shows, the copper nanoparticles are randomly dispersed throughout the film and are not sintered
or connected in any way. Consequently, with the presence of copper formate and non-sintered
nanoparticles, the ink film is still non-conductive. In Figure 5.5(b), the film begins to sinter with
increased IPL irradiation. The copper formate crystals immediately decompose and copper
nanoparticles begin to sinter together. The entire film, however, still remains non-conductive as a
large enough sintered copper nanoparticle network has not yet formed. In Figure 5.5(c), the sample
is sintered to the optimal level. Cracking on the surface has not appeared to any significant level

and the copper nanoparticles are largely sintered. When compared to Figure 5.5(b), the amount of
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copper nanoparticles that form a conductive sintered network is significantly higher. As a result,
the film begins highly electrically conductive with a resistivity around 20.1+£3.3 uQ-cm. At this
magnification, it can be seen why the sintered film has a much higher resistivity than bulk copper.
A large porosity is present, and the surface is extremely rough resulting in a longer, more
convoluted path for electrons to flow.

The addition of GnP into the conductive inks has a significant impact both on the micro
and macro scale. With the GnP having an average diameter of around 25um, they create large
surface areas for copper nanoparticles to bond to. This in turn, should help reduce overall porosity,
increase oxidation resistance, and increase the flexibility of the inks as well. To examine this effect

on the microscale, SEM photos of the CS and CSG inks are compared in Figure 5.6.

Figure 5.6: SEM images of hybrid mks (a) non- smtered Ink (CS) (b) Ink (CS) partlally smtered
(c) Ink (CS) optimally sintered, (d) non-sintered Ink CSG, (e) Ink CSG partially sintered, and (f)
Ink CSG fully sintered.

As with the optical images shown in Figure 5.5, three stages of sintering are shown for the

CS (top row) and CSG ink (bottom row); non-sintered, barely sintered, and optimally sintered.
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With the SEM photos for the CS ink, you can clearly see the copper nanoparticles and copper
formate crystals in Image (A). With the higher magnification in Image (B), it can be seen that the
copper formate crystals have not completely disappeared and have only decomposed to a smaller
size when the sample is just sintered. In Image (C), it can then be seen that all the copper formate
decomposed and copper nanoparticles sinter via the predicted necking phenomenon. The porosity
is still extremely large at this magnification and explains the higher resistivity values. With smaller
copper nanoparticles, the pore space would become smaller and therefore, the resistivity after
sintering would be lower. At this magnification, it can also be seen that the sintered nanoparticle
networks are quite fragile and can be easily broken with strain or bending. In Figure 5.6(d-f) a
similar process with copper formate decomposition can be seen; however, the copper nanoparticle
sintering process changes slightly. As seen in Image (E), once the copper formate has decomposed,
all the copper nanoparticles within the film bond to the surface of a GnP. Therefore, when optimal
sintering occurs in Image (F), the copper nanoparticles sinter and neck together onto the surface
of the GnPs rather than independent strands of copper. The result is a highly conductive network
over the conductive GnP. Since GnP has a higher resistivity than copper, the average resistivity of
the system does increase (confirmed by the resistivity measurements). The microstructure, on the
other hand, looks more stable now compared to the CS inks. This means that the CSG inks should
be more flexible and capable of withstanding more strain before breaking or damaging the
conductive network. To confirm this, a bending analysis is conducted. In addition to the flexibility
bonus, the porosity of the CSG ink samples appears lower on the microscale. This could have
added oxidation resistance benefits, as the GnP block the oxygen molecules from entering the film
and protects the copper nanoparticles within the film. To confirm this, an oxidation test is carried

out.
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5.4 IPL Sintering Reaction

In Chapter 4, it is discussed that copper formate breaks down in copper after being exposed
to IPL treatment. This reaction is visually confirmed through the SEM images in Figure 5.6 were
the copper formate crystals are clearly seen before sintering and completely decompose after
sintering. To further analysis this reaction, an XRD of a copper-GnP based ink is conducted. The

XRD patterns are shown in Figure 5.7.
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Figure 5.7: X-ray diffraction patterns (XRD) of a copper- GnP ink film (blue: before flash on a
slide glass, red: after flash on slide glass; f: copper formate, GnP: graphene nanoplatelet, and

Cu: copper.

The copper-GnP sample before the IPL treatment shows several large peaks at 43.2°, 50.4°,
and 74.1° corresponding to the (111), (200), and (220) peaks of the CuNPs (JCPDS number
040836). In addition, to these large peaks, the non-sintered film has several smaller peaks in the

range from 20° <2 <55°. These smaller peaks will then correspond to the copper formate crystals

(Yim, Sandwell, & Park, 2016). After flashing, the majority of these smaller peaks disappeared,
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implying that the copper formate structures were converted to copper by the aforementioned
chemical reaction (Eqgn. 4.1) of copper formate to copper. Finally, the peaks near 20° would then

correlate to the peaks from the GnPs, which were maintained even after flash light sintering.

5.5 Oxidation Characterization
To evaluate the thermal oxidation resistance of the hybrid inks, the electrical resistance of
four hybrid variants are monitored in an accelerated oxidation environment. Copper, copper-

graphene, copper-MWCNTSs, and copper-silver-graphene inks are heated at 180°C for four hours.

The electrical resistance (2-probe) changes are shown in Figure 5.8.
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Figure 5.8: Accelerated oxidation environment test showing the (a) Electrical resistance changes
for Copper ink, Copper-MWCNT ink (blue, inverted triangle), Copper-GnP Ink (red, circle), and
CSG ink (green, triangle). (b) magnified graph of (a) (Yim, Kockerbeck, Jo, & Park, 2017).

The Cu sample was easily oxidized in the presence of air at the elevated oxidation
temperature which rapidly increased the electrical resistance to the sub mega-ohms range. The
interesting point is that the electrical resistances were suppressed by adding either CNT or GnP. It

has been reported that the addition of CNTs suppresses thermal oxidation to some extent (Kim,
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Lee, Lee, & Rhee, 2014) however, it is confirmed that GnP can further enhance the thermal
oxidation resistance from Figure 5.8(b). As seen with the SEM images in Figure 5.6, the copper
nanoparticles bond to the surface of the GnP and sinter on top. GnP essentially “wraps” around
the copper nanoparticles due to its 2D sheet structure. This in combination with the reduced
porosity that the GnPs create, prevents the access of oxygen into the film. On the other hand,
MWCNTSs are not able to achieve oxidation prevention due to their 1-D rod structure. As a result,
the CSG sample showed the best anti-oxidation property as expected due to the deposition of silver
on copper nanoparticles. The silver coating along with the GnP creates an ink that has a larger

resistivity but significantly greater oxidation resistance.

5.6 Cyclic Bending

For integration with flexible printed electronics, the hybrid copper inks need to be flexible
to a certain degree in order to avoid damage during strain and bending. As seen from the SEM
images in Figure 5.6, the sintered nanostructure of the copper (C) ink has appears to be relatively
fragile and can easily crack and break under bending stresses. The addition of GnP into the hybrid
ink will then allow for greater flexibility based on the 2-D platelet structure of the GnP and the
minimization of porosity. To characterize the benefit of adding GnP into the hybrid inks, cyclic
bending tests are carried out on a Mark-10 tensile tester. The effects of copper, MWCNTSs and
GnP on electrical resistance properties during the bending test will be characterized. Each film will
undergo 1000 bending cycles under a bending radius of 3 mm with the 2-probe resistance (across
the 15 mm film) measured every 100 cycles. The results are summarized in Figure 5.9 below.
These samples are prepared on textured PET substrates to ensure maximum adhesion for the

bending test.
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Figure 5.9: Electrical resistance monitoring for cyclic Bending test for 1000 cycles comparing
ink CS, ink CSG, ink CS-CNT and ink CSG-CNT.

After the first 100 cycles, the average resistance for the hybrid CS ink begins to deviate
from the initial resistance of 1.45 Q over 1cm. The resistance continues to increase as the film
continues to bend to approximately 5.6x the initial resistance after 1000 cycles. This poor
durability can be explained by the increasing number of microcracks on the surface and can also
be correlated to the fragile nanoscale necking structure. The CSG inks on the other hand, show
minimal resistance increases even after 1000 cycles. An average increase of 1.28x compared to
5.66x demonstrates the ability for GnP to increase the overall durability of the hybrid inks. This
result can be correlated to the SEM images in Figure 5.6 where the copper nanoparticles appear to
sinter directly to the nanoplatelets. The flexibility of the GnP itself then keeps the whole film intact

better than just the fragile necks created between the copper nanoparticles after sintering. The
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presence of MWCNTSs within the inks also reduces the increase in electrical resistance over time,
but not to the same degree as GnP. The MWCNT addition also appears to add instabilities to the
system as the electrical resistance can fluctuate from cycle to cycle. This is seen in both the CS-
CNT and the CSG-CNT inks. This phenomenon could be explained by CNT shifting within the
film during bending or strain. Since the CNTs are long tubes with a small diameter, they may be
able to shift around the film, causing a loss of resistance. The resistance might then be recovered
when they attach to another sintered copper nanoparticle.

In summary, the addition of GnP into the hybrid inks show substantial benefits. The
oxidation resistance greatly increases with minimal electrical resistance changes over 4 hours in
an elevated temperature environment. When combined with silver, the resistance change was
negligible compared to the copper only and copper-CNT variants. GnP also was shown to greatly
increase the bending performance of the copper inks by reducing electrical resistance changes over
1000 cycles. These results, when compared to SEM images show that GNP hybrid inks can create

a much more stable and flexible structure over time.

5.7 Selective Sintering

With the CSG hybrid inks demonstrating the ability to be used in flexible printed
electronics due to their improved flexibility, oxidation resistance, resistivity values, and self-
healing properties, they now need to be patterned for various applications. To pattern the hybrid
inks, a process called IPL selective sintering is used. The details about the selective sintering
process are described in Chapter 4. The resolution of selective sintering is investigated using a 3-

D profilometer. Figure 5.10 then illustrates a magnified view of the sintering mask used to create
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the strain gauge micro pattern for sensor number along with SEM imaging to show the selective

sintering process.
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sintered micro-pattern of strain gauge 3, and (c) the dimensional accuracy of the mask pattern to
sintered patterned for mask 1, mask 2, and mask 3 (blue: mask dimensions, orange: sintered line
thickness). (d) SEM photo of ink films before sintering and (e) after sintering showing the effect
of IPL on the copper nanoparticles, and (f) SEM of cross section of nano-inks showing the effect

of ink-jet transparencies on substrate adhesion.

As seen, the area covered by the mask (not exposed to the IPL treatment) is of a dark grey
colour and shows minimal electrical conductivity in Figure 5.10(a). The area exposed to IPL
treatment, on the other hand in Figure 5.10(b), has a significant colour change and is now highly
conductive (0.018 Q/sq.) as measured by a 4-probe meter. Dimensional resolution in terms of line
thickness is slightly lost during the IPL selective sintering process. The line thickness for Mask 1,

Mask 2, and Mask 3 (described in 4.4) go from 600£9 um to 575+6.5 pum, 400£5 pum to 379+10
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pm, and 190£3 pm to 130+12 um respectively (Figure 5.10c). Therefore, each micro-pattern
shows some resolution loss in the selective sintering process with Mask 3, the highest resolution
mask, showing the largest loss. This resolution loss is considered minor for these micro-patterns;
however, it does demonstrate a potential resolution limit to this process. The resolution loss could
be reduced by two factors; using a thinner metal mask for selective sintering or by using a larger
compressive force to push the mask further into the ink. The issue with using a thinner metal mask
is in the stability of the mask pattern. If the masks were any thinner, the strain gauge structure
could easily break down and wear out faster over time. The issue with using a larger compressive
force on the mask is increasing the risk of damaging the ink. Consequently, the results shown
above use an optimal mask design for selectively sintering strain gauges.

The SEM images seen in Figure 5.10(d) and Figure 5.10(e) compare the crystalline
structure of the un-sintered and sintered sections of the film on the nanoscale. In the covered
section of the film, Figure 5.10 (d), the CuNPs are not connected or sintered and just sit on top of
the GnP. There is also a high presence of copper formate crystals. Therefore, the film does not
form a highly electrically conductive network. This image confirmed that the covered section of
the mask will not sinter under IPL. The section exposed to the Xenon flash; however, is completely
sintered. The CuNPs demonstrate a necking structure and the copper formate crystals have
completely decomposed into a highly conductive and sensitive matrix. The combination of GnPs
and the flexible polymer substrate then allows for the creation of a flexible and sensitive
conductive pathway. This image then demonstrates that the exposed sections of the metal mask do
induce the sintering process.

The SEM image of the cross section, Figure 5.10(f) shows the conductive ink

(approximately 100 um in thickness) saturated with the adhesive from the surface of the textured
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PET substrate. Therefore, in combination with the rough surface of the film, the hybrid inks have
a strong mechanical and chemical adhesion to the substrate. To further verify the adhesion to the
PET, a tape pull-off test is conducted based on ASTM D3002/D3359 standards. A grid is cut into
the CSG film and a piece of tape is adhered to and pulled off the film. Figure 5.11 compares results
from the tape test to ASTM standard class ranging from class 0B (>65% transfer) to class 5B (no

transfer).
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Figure 5.11: ASTM Adhesion pull-off test results. Comparison of (a) ASTM class 0B (>65% film
transfer) to, (b) adhesion test before IPL. Comparison of (¢) ASTM class 3B (35-65% film
transfer) to (d) adhesion test after IPL.

The results show that the IPL treatment also increases the adhesion to the substrate and
changes the ASTM from class 0B (>65%) before IPL to class 1B (35-65%) after IPL. These results
thus demonstrate the improved adhesion to the substrate after flash sintering. Therefore, with the
ability for the hybrid copper inks to be selectively sintered and adequately adhere to the textured

PET substrate, they can be used for a strain gauge application.
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5.8 Strain Gauge Application

Since the hybrid CSG inks are proven to be flexible, patternable and have excellent
oxidation resistance on textured PET substrates, they can be used for strain sensors. By selectively
sintering a CSG film with mask version 3 (200um line thickness), a strain gauge is created. The
strain gauge on the PET substrate is connected to external wires via a conductive silver epoxy. The
entire gauge is then sandwiched between another layer of textured PET and glued directly to a
steel beam. Figure 5.12 demonstrates that the selective IPL sintering process can produced finely

detailed micro-patterns that can be used for strain gauge applications.
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Figure 5.12: Comparison of Commercial Strain gauge (Reference Sensor) to Lithographic
selectively sintered strain gauge of Mask 3 (Strain Sensor) with an excitation frequency of (a)

1Hz and (b) 10Hz. (c) Strain gauge setup up on steel beam.
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As the results show with an excitation frequency of 1Hz and 10Hz, the IPL sensor can track
the micro-strain on the steel beam and showed similar results to the reference sensor (positioned
on other side of the steel beam). While the signal to noise ratio may be larger than the reference
sensor, the produced strain gauge shows relatively good strain tracking. Since the IPL sensor can
be easily and rapidly produced, it does have an advantage over the commercial gauge.

To improve the strain sensor, the hybrid ink film is directly applied to polymer 3-D printing.
Embedding conductive ink based electric circuits and sensors within 3-D printed components is
the first step toward the full 3-D printing of smart electronics and structures. Since IPL sintering
will not damage the 3-D printing polymer (ABS), the selective sintering method can safely be used.
The process also encapsulates the conductive paths and protects it from potential damage and
degradation. The conductive ink film is directly deposited on the 3D printed half-cantilever,
selectively sintered to create a strain gauge and covered with the other half of the 3D printed
cantilever. The strain gauge signal was plotted and compared to the shaker excitation signal at

various frequencies (see Figure 5.13). The experimental setup can be seen in Figure 4.15.
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Figure 5.13: Comparison of accelerometer voltage to selectively sintered strain gauge embedded
within 3D printed beam at (a) 10 Hz and (b) 50 Hz.
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The hybrid copper ink-based strain sensor signal also shows good correlation with the
reference when the shaker is excited at 1 Hz to 50 Hz (10 and 50Hz are shown). However, there
were noise and discrepancies as some peak values were not shown at 1 Hz. These problems could
be accounted for by the loss of contact at the sensor-wire joints (i.e. conductive epoxy) and the
inconsistent sintering depth. Overall, the imbedded strain gauge demonstrates great strain tracking
and was able to track sinusoidal inputs. The hybrid copper inks, and the manufacturing process

can lead to cost-effective and robust 3D printed electronics.

5.9 IPL Self-Healing Ink

While the addition of GnP greatly increases the overall flexibility, microcracking over time
can still occur. Also, the addition of GnP increases the resistivity of the inks compared to the
standard copper inks. Therefore, there is a need to repair the hybrid conductive ink variants after
mechanical damage. To resolve this issue, IPL self-healing has been proposed. The idea is to
simply re-sinter the damaged sections of the conductive films with one rapid pulse to restore
conductivity. However, in most cases, the input of another high energy pulse will cause more
microcracking and further damage the sample. Therefore, the addition of low temperature field
metals is necessary in order to induce this self-healing property without further damaging the
substrate. Since the low temperature solder wire added to the inks melt at 143°C, when the samples
are flashed again, the field metal instantly melts and fills the newly created pore space and
microcracks. This is due to the IPL temperature pulse spiking at approximately 300°C. To verify
this effect, the copper only ink (C) will be compared to two other variations of copper-based inks
called SHI 1 and SHI 2. The performances of all the inks are verified using cyclic bending tests.

To ensure the samples crack till failure, the bending tests will be carried out for 1000 cycles with
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the 2-probe resistance measured (over 15mm) every 100 cycles. This time, however, the bending
radius is decreased to ~1.5mm instead of 3mm to increase the chance of failure due to cracking.
In addition, the substrate will be non-textured PET to minimize adhesion and maximize cracking.

The results of the bending test are shown in Figure 5.14.
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Figure 5.14: Self-Healing Ink Initial Bending Test for copper-based ink, SHI 1, and SHI 2.

As the results show, the copper inks begin to fail at around 500 cycles, SHI 1 fails around
900 cycles and SHI 2 fails at 100 cycles. It is assumed that SHI 2 fails rapidly due to the larger
particles present from the tin component of the solder wire. With the vortex mixing and probe
sonication particle generation method, the indium particles (SHI 1) are created in a microscale
range while the tin particles (SHI 2) are created at a much larger scale. Consequently, the larger
tin particles create defect and strain points within the ink film. The use of tin and indium
nanoparticles would eliminate this issue; however, it greatly increases the cost of the inks. Also,

bulk tin melts at a higher temperature (~231.9°C) compared to indium (~156.6°C) making it the
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less ideal choice. Both components also have similar a resistivity of 8 uQ-cm and 10.9 pQ-cm for
indium and tin. Therefore, it is predicted that the SHI1 ink will last significantly longer due to the
presence of indium. During the initial sintering phase, the indium particles would have instantly
melted and flowed into vacant pores. This would result in a lower porosity and a reinforcement of
the fragile copper necking structure seen in Figure 5.6(c).

With all three inks at the point of electrical failure, IPL self-healing treatment is applied.
All inks are re-flashed at 4800W (full power) from IPL unit A. The effect of the IPL self-healing

process can be seen in Figure 5.15.
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Figure 5.15: Effect of IPL self-healing on the hybrid conductive inks: Before self-healing

showing the cracking after bending for (a) copper only ink, (b) SHI1 ink and (c) SHI2 ink. After
IPL self-healing for (d) copper only ink, () SHI1 ink, and (f) SHI2 ink. (h) Resistance recovery

for all inks.

As the above images show, microcracking appears in all three ink variants. The largest
amount of cracking occurs in SHI2 which failed at 100 cycles and was consequently the most
fragile ink. The second largest amount of cracking occurred in the copper only ink which failed
around cycle number 500. The least amount of cracking then occurred in SHI1 which failed around

cycle number 900. With IPL self-healing treatment applied, it can be seen that a large number of
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cracks disappear. In Figure 5.15(f), the larger cracks have resintered to some extent by the change
in colour. New microcracks can also be seen on the surface due to the thermal stresses created via
IPL sintering. In Figure 5.15(f), it can also be seen that the large crack from bending does begin to
resinter after IPL self-healing. However, the extent of re-sintering is still not enough to recover
conductivity as seen in Figure 5.15(h). Additional IPL treatment also serves to damage the sample
further. SHI1, on the other hand, shows a remarkable recovery in resistance. After IPL self-healing
the damage to the surface appears to be repaired and no further microcracks appear due to thermal
stresses. This is confirmed by the resistance recovery where SHI1 returns to 1.25 Q from 1.17 Q.
The copper only ink did also recover conductivity (5.95 Q from 1.2 Q), however, the extent of
recovery is not nearly the same. It appears that the introduction of indium into the hybrid inks then
allows for better self-healing recovery percentage. This effect can be examined though SEM

imaging in Figure 5.16.
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Figure 5.16: IPL Self-Healing for SHI 1 (a) before bending, (b) after bending and (c) after IPL
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In Figure 5.16(a), the film is well sintered and an abundance of necks between the copper
nanoparticles are present. The result is a highly conductive film as demonstrated in Figure 5.15(h).
After bending, the damage on the microscale can be seen in Figure 5.16(b). A large number of the
necks between copper sections appear to be broken and are highlighted in red. The reduction in
interconnected necks results in a decrease in conductive paths throughout the film and
consequently increases the overall resistivity. In addition, the necks that have not been destroyed
have been drawn out and have a reduced diameter. This reduction in necking diameter also
contributes to the overall resistivity increase. After IPL self-healing on SHI1, the resistivity is
recovered. The result on the microscale is seen in Figure 5.16(c). The amount of damaged necks
appears to be greatly reduced and new necks have been created deeper within the film. With the
resistivity results in Figure 5.15(h), it can be seen that IPL self-healing has been achieved. The
theorized mechanism is the rapid melting of the indium particles during IPL. The process then

reduces the thermal stresses on the entire film and allows for the indium particle to melt in order
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to fill remaining pore space and/or crack space within the film and reinforce the copper
nanoparticle necking structure. It is also theorized that the melted liquid indium particles are drawn
into these cracks and voids via capillary forces. Since the temperature spike only lasts in the
microsecond range, the indium liquid is drawn into the crack and then quickly cools to create a
strong bond with the copper inks. This is confirmed by the large decrease in resistance after IPL
self-healing.

The CSG ink has shown to be great at increasing the flexibility, oxidation resistance, and
overall durability of the copper-based inks. However, the addition of GnP does still increase the
overall resistivity of the sample. In addition, after a large number of cycles and high strain
environments, the inks can still crack and lose conductivity over time. Therefore, a new version of
the ink, that utilizes low melting temperature metals was designed. With melting temperatures of
the bulk metals below the peak sintering temperature, it was predicted that these inks would
instantly melt and fill pore and crack spaces via capillary forces. IPL sintering demonstrated a
similar resistivity for both the copper only ink (C) and SHI 1. The high intensity bending test
showed that SHI 1 was also more durable then the copper only ink (C) and maintained conductivity
for a larger number of cycles. This is due to the decreased porosity and reinforced necking structure
created after the first IPL pulse. Both inks still lost electrical conductivity after the bending test.
Therefore, a second IPL pulse was used to re-sinter both inks to “self-heal” the films. The SHI 1
showed significantly better recovery by returning to the initial resistance than the copper only ink
(C) which only returned to ~5x the initial resistance. This is due to newly created microcracks
within the surface of the ink that occurs from the thermal stresses created by IPL sintering. The
melting of indium particles and subsequent capillary action mitigates the thermal cracking issue

making SHI 1 an IPL “self-healing” ink.
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5.10 Summary

Different variants of the hybrid copper inks were explored and characterized. Specifically,
the addition of GnP into the copper inks was a large focus due to increasing ink flexibility and
oxidation resistance. To accurately compare all the inks, the resistivity of all samples was
determined. While other works mostly assume that sintering occurs throughout the entire depth of
the film, this work has shown that sintering is limited to a certain penetration depth. It has been
shown that copper nanoparticle-based ink sinters under optimal IPL conditions to a depth of ~25
pm. The addition of GnP was then shown to increase this sintering depth to ~50 pm. Therefore,
with the sheet resistance and the sintering depth, the resistivity of the copper only film (C) was
calculated to be ~17.4+3.5 pQ-cm (~x10.5 bulk copper) and the resistivity of the CSG ink was
calculated to be ~131.3x14 pQ-cm (~x80 bulk copper). With literature values for copper
nanoparticle inks sintered via IPL ranging from 3-10x that of bulk copper, the calculated resistivity
is within expected values for the (C) ink. It is reported on the higher end due to the larger
nanoparticle size (~100 nm) used in experiments to minimize cost. The addition of GnP does,
however, greatly increase the resistivity of the hybrid inks. This increase does provide other major
benefits for the hybrid ink. Accelerated oxidation tests showed that the ink variants with GnP and
silver additives greatly outperformed the inks with only copper or MWCNT additives by
minimizing resistivity increases over time. Bending tests also showed that GnP was the only
additive that could increase flexibility and maintain electrical resistance over time. This effect is
confirmed by comparing the nanostructure of the copper only ink and the CSG ink under an SEM.
The copper only ink has large exposed fragile necking structures that are exposed to oxidation and

can easily break under strain. The CSG inks on the other hand have the copper inks bonded to
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GNPs which can cover the copper, preventing oxygen penetration and increases flexibility due to
the 2-D shape of the platelet.

With the CSG inks being shown to have increased flexibility and oxidation resistance, they
are ideal for flexible printed electronic applications. To demonstrate this potential, a selective
sintering process is created to accurately sinter conductive patterns into the ink films. With the use
of a pre-patterned metal mask, the exposed sections sinter to create conductive paths. The covered
sections then remain non-conductive and as a result, a simple and rapid manufacturing method is
created. To verify the patterning ability, strain gauges of 130£12 um line thickness are created.
These patterns are shown to accurately track strain on a bending aluminum beams or 3-D printed
ABS from 1-50 Hz.

While the CSG inks greatly reduce the loss of resistivity over time due to cyclic bending,
microcracking can still be a significant issue. In addition, the resistivity increase of GnP addition
makes the inks less suitable to certain applications. Therefore, there is a need to create an ink that
can repair itself after cracking to recover conductivity. A SHI 1 is derived with low temperature
field metal additives to overcome this issue. With the melting temperature of indium being well
below the peak sintering temperature, the IPL pulse will instantly melt the indium. Capillary force
draws the liquid indium particles into the pores and cracks within the film and consequently
reduces overall porosity. This effect is seen by delayed failure during a high intensity bending test.
After failure of both the (C) and SHI 1 inks, IPL self-healing is used to recover conductivity. This
pulse is able to bring the SHI 1 resistance to ~1.1x its original value while the copper-only ink is
able to recover ~5x its original value. The better recovery electrical percentage is due to the
instantaneous melting of the low melting temperature metal during IPL that fills the cracks and

void space. While IPL re-sintering of the copper only inks can repair surface cracking, the added
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thermal stresses also creates new cracks and prevents a similar electrical recovery. Consequently,
by using the SHI, the hybrid inks now have the ability to heal the electrical conductivity of flexible
printed electronics making them more suitable for commercial applications. With a rapid single

self-healing IPL pulse, the lifetime of the printed electronic circuit can be greatly increased.
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Chapter 6. Conclusions

To understand the sintering process, it is important to accurately model and predict the
entire process. A novel three step model was created in order to predict the final resistivity outcome
for a film of copper nanoparticles. First, a finite element model (created by a colleague, Mr.
Mohsen Hassani) was used to predict the maximum particle grain boundary temperature increase
during an experimentally determined optimal IPL pulse intensity of 1.5 J/cm?. A grain boundary,
or sintering temperature of 550°K was predicted by the model and is in reasonable agreement with
other experimental work (Park, Chung, & Kim, 2014). Using this information, a molecular
dynamics model was created using the LAMMPS open source software. A 28-copper nanoparticle
film of varying diameters was simulated at the sintering temperature. The resulting geometric
changes due to densification, porosity reduction, and particle necking were then used to estimate
the final resistivity. Using a porosity based analytical equation, the resulting simulation was around
6.8 uQ-cm or around 4x that of bulk copper. Since most IPL sintered copper films have been
shown to be within 3-10x that of bulk copper, the model is demonstrated to be relative agreement.

In this work, it has been shown that copper nanoparticle-based ink sinters under optimal
IPL conditions to a depth of ~25 um. With the addition of GnP into the ink, the sintering depth has
been shown to be increased to a depth ~50 um. Consequently, with the corrected sintering depths,
the resistivity of the 100nm copper nanoparticle ink was determined to be ~17.4£3.5 pQ-cm
(~x10.5 bulk copper) and the resistivity of the CSG ink was determined to be ~131.3+14 pQ-cm
(~x80 bulk copper). With literature values for copper nanoparticle inks sintered via IPL ranging
from 3-10x that of bulk copper, the calculated resistivity is within expected values. It is reported

on the higher end due to the larger nanoparticle size used in experiments to minimize cost. With
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the resistivity sintering model predicting a value of around 6.8 uQ-cm for the pure copper
nanoparticle film, the value of 17.4 uQ-cm appears to be significantly higher. This discrepancy is
due to the inherent assumptions within the sintering model. Since smaller copper nanoparticle are
created in the simulation (5-20 nm) than those used in the experimental results (100 nm) the
resulting porosity is lower and therefore a lower resistivity is calculated. To have a simulation of
a film of the larger 100nm particles, much more computational power is required. Furthermore,
elements such as copper formate, PVP, and any remaining solvents are not modeled. These
components will then contribute to the overall resistivity increase. The plasmonic effect is also not
included within the sintering temperature prediction for the model. This could result in a
temperature variation in the sintering temperature prediction that may affect the model results.
Another possible reason for the variation between the sintering model and the experimentally
determined results is possible error in the experimental resistivity calculations. The model takes a
small section of the nanoparticle film to estimate a resistivity while the experimental results are
based on the bulk film sheet resistance. Possible errors in determining the sintering depth along
with contact resistance from the sheet resistance measurements may lead to larger expected
resistivity values.

While the addition of GnP does increase the resistivity of the hybrid ink, it does provide
major benefits for the hybrid ink. Accelerated oxidation tests showed that the ink variants with
GnP and silver additives greatly outperformed the inks with only copper or MWCNT additives.
The CSG ink also had minimal electrical resistance change over four hours while the copper only
resistance increased by orders of magnitude. Bending tests also showed that GnP was the only
additive that could increase flexibility and maintain electrical resistance over time. This effect is

confirmed by comparing the nanostructure of the copper only ink and the CSG ink under an SEM.
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The copper only ink has large exposed fragile necking structures that are exposed to oxidation and
can easily break under strain or bending. The CSG inks on the other hand, has the copper
nanoparticles sintered directly to the surface of the GNPs. The GnP can then cover and protect the
copper, preventing oxygen penetration and adds flexibility due to the 2-D shape of the platelet.

Even with the addition of GnP into the hybrid system, microcracking can occur over time
and if the resistivity of the CSG is determined to be too high, it becomes ideal to self-heal the
copper-based inks. It was determined that adding low melting temperature indium-silver particles
into the copper ink will allow for resistivity recovery after cracking under an IPL self-healing
process. The created SHI has a comparable resistivity of 25.1 +2.4 uQ-cm (~15x bulk copper).
After microcracking due to bending, the self-healing ink could recover its 2-probe resistance to
1.25 Q from 1.17 Q while the copper-based ink was only able to recover 5.95 Q from 1.2 Q. The
better recovery electrical percentage is due to the instantaneous melting of the low melting
temperature metal during IPL that fills the cracks and void space. While IPL re-sintering of the
copper only inks can repair surface cracking, the added thermal stresses also creates new cracks
and prevents a similar electrical recovery.

To use the inks in flexible printed electronics, the inks are deposited and patterned using
selective IPL sintering onto flexible, low glass transition temperature polymers. Selective IPL
sintering has been demonstrated to create pattering resolutions of up to 130+12 um with zero
substrate damage. Using this method, it was demonstrated that strain gauges created on textured
PET and directly integrated with 3D polymer printing could accurately track strain changes with

excitation frequencies from 1-50 Hz.
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6.1 Assumptions and Limitations

With this work, there is a variety of assumptions and limitations that need to be considered.
Firstly, there are assumptions and limitations within the copper nanoparticle sintering model and
secondly, limitations with the hybrid conductive inks themselves.

With the molecular dynamics model, there are two main categories of assumptions and
limitations. The first category is assumptions that were implemented within the simulation and the
second is assumptions and limitations with LAMMPS and MD simulations in general.

To run the simulation, it is assumed that pure copper nanoparticles are sintering. That is,
no impurities exist from copper formate reactions and organic solvent evaporation. This means
that all energy goes directly into heating up the system. Consequently, the plasmonic effect is
ignored within the finite element simulation temperature prediction. All nanoparticle heating is
assumed to come directly from the absorptivity coefficient in the Gaussian heat flux. Hwang et al.
(2016) showed that a large portion of sintering was achieved with wavelength ranges around the
LSPR of material. Therefore, by ignoring the plasmonic effect an error is introduced into the
nanoparticle sintering temperature prediction. Secondly, all particles are held at the same sintering
temperature with relatively uniform temperature gradients. This means that the above simulation
is only valid for the top surface of the nanoparticle film that is directly exposed to the IPL pulse.
Next, the porosity calculation is based on a mesh grid being generated around the nanoparticles
and sintered necks. This generated grid will introduce some errors in the porosity calculation that
is based on the smoothing and probe size selection. There are also errors with the porosity that is
calculated at the simulation boundary. In an infinite film, sintering would change the porosity in
all locations, which does not happen at the border of a finite film. This error can be corrected by

simulating larger particle films, however, this is limited due to computational constraints. Finally,
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in calculating the resistivity based on porosity, the equation assumes initial conductivity. Since
nanoparticle films are not conductive before sintering, the resistivity is only valid after sintering
reaches a critical value where conductive paths exist throughout the film. Therefore, this will
introduce errors in the final resistivity calculation.

The second category of limitations exist within the LAMMPS molecular dynamics
simulation. The assumptions exist mostly with how the atoms are defined to interact with each
other, which in the case of this simulation is by MEAM potentials. The first fundamental
assumption is called the Born-Oppenheimer (adiabatic approximation). In this assumption, the
electrons adjust instantaneously to the motion of the nucleus. Therefore, this approximation will
introduce errors when there are electron transitions, thus when laser/photochemical processes or
electron transfer processes exist. Therefore, in this simulation, an error is created as the
photochemical reaction, or the plasmon effect is ignored when simulating sintering. This issue,
however, is mitigated by using the FE analysis to predict the final temperature after the IPL pulse.
The second fundamental assumption is that the nuclei move according to classical dynamics.
Therefore, the quantum effect is ignored. This mainly results in errors with hydrogen atom
reactions that are studied (Marshall, 2013).

For the hybrid conductive inks themselves, there are a variety of assumptions to consider.
Firstly, the major problem with the conductive inks is the volatility of the formic acid. Since the
formic acid evaporates rapidly, it stored in cool refrigerator temperature environments. Keeping
the inks exposed to ambient air over time will result in the inks rapidly expiring. Formic acid may
also limit the potential application of the conductive inks. In screen printing applications for
example, the formic acid within the ink will damage the use of the resin and greatly reduce the

quality of the process. The second issue is the stability of the ink. The metallic additives and other

132



components within the ink will not stay dissolved and be well dispersed for a long period of time.
Consequently, the ink must either be continuously agitated or well mixed immediately before use
in order to produce uniform deposited films. In the laboratory this is an easy limitation to
overcome, however, it may prove to be an issue in large scale applications. Finally, the final major
limitation for large scale application is for the safe use of the inks. With formic acid, carbon
nanotubes, GnP, and copper nanoparticles present, all use of the ink (until dried) must be used
within a fume hood. In laboratory scenarios, this is a non-issue but for use in large scale
applications, the use of high-quality respirators may be required.

One major limitation with the CSG ink is sintering depth variation. As seen in Figure 5.3,
a large variation occurs when measuring the cross section sintering depth. This variation is due to
the random distribution and orientation of the GnP within the copper nanoparticle film.
Consequently, this results in inconsistencies in resistivity from batch to batch when creating
circuits such as strain gauges. For practical applications, each strain gauge, for example, must have
its specific resistivity measured with limits mass production potentials. Even with the potential
limitations of the hybrid conductive inks, once in film form, they still provide excellent oxidation
resistance, flexibility, and can easily be self-healed. With these properties and acceptable
resistivity properties, the novel conductive inks presented in this work are ideal for flexible printed
electronic applications. With the printed electronic industry growing larger and larger with every
passing year, the demand is rising for flexible printed electronics in industries such as automotive,
transportation, healthcare, consumer electronics, aerospace, etc. There has been a large push in
recent years to optimize electronic printing technologies such as inkjet, screen, and roll to roll.
This in turn allows for applications in devices such as transparent conductor electrodes, organic

light-emitting diodes, thermo-electrics, sensors, RFID tags, batteries, thin-solar films, OLED
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screens, etc. (Khan & Lorenzelli, 2015). With this newly developed hybrid copper ink, the industry

can be pushed to grow more with a reduction in manufacturing costs and new applications.

6.2 Future Work

There is a wide range of directions that can be taken to further explore and optimize the
hybrid copper inks. The objectives that are currently being focused on include; exploring other
additives, dual pulse IPL sintering, and smart sensor applications.

Other metallic additives such as zinc and tin nanoparticle addition have shown promise in
reducing required IPL pulse intensity in order to induce sintering. Preliminary work has shown a
varying sintering threshold energy for pure copper ink and copper ink with 5 wt.% tin nanoparticles.
The copper ink, Ink A, has its sintering threshold at the energy density of approximately 1.03 J/cm?
while the tin doped variation, Ink B, was shown to have a lower energy threshold of 0.62 J/cm?,
approximately a 40% reduction in required energy. From this, it can be observed that the mixing
of tin decreases the required sintering energy at a cost of increased electrical resistivity. The lowest
resistivity achieved by Ink A is 0.17 uQ-m while the lowest resistivity achieved by Ink B is 1.15
pQ-m. Ink B has been replaced with 5 wt.% of copper with tin nanoparticles, which has
significantly lower melting temperature (approx. 499°K) than that of copper (approx. 1343°K).
Although sintering temperature is different from melting temperature, they are related assuming
other conditions are constant. This then explains why Ink B has a lower sintering threshold energy
than Ink A. The higher electrical resistivity of tin (bulk p = 1.09 x 10" Q-m) than copper (bulk p =
1.68 x 108 Q-m) also explains the higher electrical resistivity of Ink B after sintering. The effect

of adding tin also significantly changes the colour of the films (Figure 6.1). This work then
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requires further optimization and characterization to fully understand the effect of tin nanoparticles

in the hybrid inks.

@ O ©

Figure 6.1: (a) Un-sintered tin-copper film, (b) sintered tin-copper film, and (c) selectively

sintered tin-copper film

As previously discussed, IPL Unit B (Xenon S-2300) is capable of doing dual pulse
sintering. This means that pulse intensity can be rapidly varied, and the resulting temperature
profile can be more precisely manipulated. Figure 6.2 shows various pulse configuration and the
peak intensity of each IPL experiment along with an estimated temperature profile of selective

conditions, namely the conditions with the minimum and maximum peak intensity.
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Figure 6.2: Schematic showing estimated temperature profiles of IPL processes with different

pulse configurations
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By utilizing these pulse operating conditions, it is expected to achieve a better degree of
sintering and therefore a lower resistivity within the hybrid copper inks. By holding the
temperature at an elevated level, instead of spiking with multiple high intensity pulses, the thermal
stresses will theoretically be lower within the film and result in less surface cracking. Experiments
will be needed to optimize the peak intensity variations in order to produce the lowest possible
resistivity for the hybrid copper inks films.

Other future work involves creating smart sensor wraps utilizing the hybrid copper inks.
One such work involves using these inks to create smart pipeline sensor wraps in order to detect
pipeline strain. In Canada alone, there are more than 700,000 km of pipelines that transport oil and
gas from remote areas to urban centers (Government of Canada, National Energy Board, 2017).
Much of this network in located underground and in areas where continuous access and monitoring
is difficult. With possible exposure to flood, earthquake, and fracking zones along with possible
encroaching from rivers and soil erosion, pipelines are at a continuous risk of failure due to strain.
As recently as 2016, there was a break in the Husky Energy pipeline where approximately 225,000
liters of oil was released into the environment, where 10% entered the North Saskatchewan River
(Wilson, 2017). The cause of the break was determined to be a one-time event where ground
movement caused the pipe to buckle under significant strain. Therefore, there is a need for a strain
sensing system that can continuously monitor pipelines in high risk areas. To solve this issue, it is
proposed to use flexible strain sensors that will be able to provide continuous on-line structural
monitoring of pipelines. These sensors will be manufactured from various nanopowders that utilize
intensive pulsed light (IPL) selective sintering to produce unique stain sensor patterns. These strain

sensors can be directly applied to the external steel of the pipe or produced onto a flexible polymer
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that can be wrapped around the pipe. Figure 6.3 then shows the proposed smart pipeline sensor
wrap.

Wrap
Around

N

Figure 6.3: (a) Rosette sensor smart pipeline wrap design

This design will then allow for large detection surface areas, instantaneous/ continuous
feedback, and accurate detection of leak locations. The specific Rosette strain gauge design will
then also allow for multi-axis measurements and minimize drifts. This can all be done without

interfering with in-line inspection tools, cathodic protection and external pipeline coating systems.
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