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Abstract

Growing interest in the fields of flexible electronics and Al are leading the development of new
manufacturing techniques able to make computer hardware devices that can suite their unique needs.
Research into these areas is stalled by the high cost of manufacturing putting rapid and low-cost
manufacturing methods in high demand. Direct Laser Writing, as a novel manufacturing technique,
has been shown to be able to produce flexible electronic devices rapidly and with the use of
inexpensive raw materials. It works by treating a substrate coated in a metal ion precursor with
focused laser irradiation. Where the laser interacts with the precursor organic reduction agents within
the precursor are able to reduce the metal ions which then form nanoparticles that are then sintered to

form interconnected nanoparticle networks.

In this work direct laser writing is utilized to develop a manufacturing technique of novel flexible
electronics for neuromorphic computing hardware. Direct laser writing of copper and copper patterns
is used to study the relationship between applied laser energy and electrical properties of deposited
patterns. Other metals are also studied. Anodic metals are not able to be fully reduced and are
deposited as metal oxides. Cathodic metals are easily reduced and deposited as metals. Metals with
intermediate reduction potentials can selectively be deposited as either metals or metal oxides.
Deposition of metal alloys with homogenous composition is also demonstrated through the deposition

of copper-nickel alloys.

Memristor devices fabricated from Cu/Cu20/Cu patterns are produced using direct laser writing.
Planar patterns are fabricated and shown to have a high sensitivity to changing laser settings used to
print the oxide region. Bipolar resistive switching is observed with setting and resetting occurring
near +/- 0.7V, and ratios between the high and low resistance states being as high as 102 are

achieved. Fabricated devices are shown to flexible and stable over long periods of time.

Memristor based logic structures Including Boolean “And” and “Or” gates are fabricated in planar
patterns from memristor pairs. Logic gates show signal processing in times as short as 300ns.
Moderate signal degradation from the logic gates are noted at 9% and 21% in the “Or” gate and
“And” gate respectively. Memristor crossbar arrays are also fabricated from Cu/Cu20/Cu and
Ag/Cu20/Cu patterns. Their multiple resistance states are programmed and performances are

compared.



In summary Direct laser writing is demonstrated as a process that has promise as a method for
producing flexible novel computer hardware. Further work is recommended to focus on identifying
combinations of materials and laser settings that can further improve the consistency and performance

of the direct laser writing fabricated memristor devices.
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Chapter 1

Introduction

1.1 Background

The methods used to fabricate electronics largely define the scope and applications of computer based
technologies[1]. For the past several decades developments in electronics manufacturing have mostly
focused around reducing the size of fundamental computing logic devices, in an attempt to increase
computing density, and thusly computing power[2]. As the computing power grows there is interest in
expanding the roles of computers in everyday life. As the roles of computers expand into unique and
demanding applications the techniques used to fabricate the electronics must also adapt to provide

components suitable to the new application[3].

One such growing field is that of flexible electronics[4]. Flexible electronics has been an area of
growing interest as it increases the ability for electronic devices to be applied in a variety of physical
scenarios such as medicine and wearable devices. These applications necessarily need unique

fabrication techniques capable of producing suitable devices.

Another growing field of computer science is that of Artificial intelligence and Machine learning. These
applications promise to dramatically expand the roles that computers play in everyday life. However
they utilize software techniques that demand exorbitant amounts of energy. A such new devices that

are able to reduce the energy consumption of computer logic are desired[5].

Traditionally manufacturing techniques used to fabricate electronics are complex and high cost
procedures[6]. This acts as a barrier to development of new novel electronic devices, as designing new
devices that deviate from conventional designs incur a high cost. Therefor there is a growing field of
research focusing on developing manufacturing techniques of electronics that are inexpensive and
simple[7]. In this work we will be exploring a novel technique of direct laser writing, that has been
shown to have potential as a low cost and easily accessible method of fabricating flexible electronic

devices.

1.1.1 Flexible Electronics

The field of flexible electronics has been proliferating in recent years[4] due to interest in a variety of
applications, such as wearable electronics[8], healthcare and medical sciences[9], automotive[10], and

aerospace[11]. Currently, in many consumer applications, fabricating flexible electronics relies on
1



established semiconductor fabrication methods designed to create thin components so they can be
integrated into flexible substrates[7]. While these methods see some success, they are limited to
components that are not inherently flexible, which limits the usefulness of the devices as they tend to
suffer due to bending strains leading to a high rate of malfunction and low reliability[12]. Recently, Oh
et al. demonstrated intrinsically flexible semiconductor polymers as candidate materials for flexible
electronics; however, the materials are limited by their stability and limited electrical properties[13].
This information highlights the need for manufacturing methods of flexible electronics that produce
inherently flexible components with high-performance electrical properties. Current methods for
producing flexible electronic components typically rely on expensive raw materials, such as pre-
synthesized nanoparticles[14] or nanowires[15]. Additionally, they tend to be complex multi-step
processes with low throughput. As such, there is a desire for novel manufacturing processes capable of
producing flexible electronics at low cost and with the potential for high production rates.

1.1.2 Analog Computing Hardware

Computers and automation have become ingrained in many daily activities and are critical to the
functioning of practically all modernized industrial processes. Recently the advent of new computer
technologies that rely on neural networks, such as Artificial intelligence (Al) and Machine Learning
(ML), promise to overhaul many aspects of modern life such as commerce[16], manufacturing[17],
healthcare[18], and many more[19]-[21]. This proliferation of advanced computing applications has
dramatically increased the energy demands of computing globally. By 2030 it is anticipated that twenty
percent of the globe’s total energy production will be used towards computer and IT applications[22].
In large part this is due to the very energy intense process of training neural networks[23]. This value
is only anticipated to grow as neural networks expand in their size and scope to tackle more complex

challenges.

The large energy consumption of neural networks is a byproduct of the massive amount of time and
data needed to train accurate neural network models with current computer hardware[24]. In simple
terms a neural network is a vast array of nodes that are interconnected via connections that have
dynamic weights[25]. Inspired by biological neuron arrays in the human brain (hence the name “neural
network”) the nodes in a neural network represent neurons and the weighted connections between nodes
represent synapsis[26]. Neural networks are able to process information inputs from a layer of input

nodes called the input layer by propagating the input signal through intermediate nodes in the network
2



(called hidden layers) across the weighted connections. Eventually the signals reach a final output layer,
and the node in the output layer that receives the highest signal is determined as the output field[27].
The key to a successful neural network is finding appropriate weights between all the nodes, such that
the network is able to accurately observe trends in the input signals and predict an appropriate
output[27]. This is referred to as “training” the network and is accomplished by providing the network
with vast amounts of data sets that include sets of input data and their corresponding appropriate
output[28]. The act of providing the neural network with training sets and updating the weights as each
training case is processed is extremely time and energy costly[29]. In large part this is due to the
architecture of modern computers where data storage and data processing occur in different hardware
components of the computer[29]. This means that for each training instance of a neural network the
entire array of values that represent the weights of the connections in the network must be shuttled back
and forth between data storage and processing to be updated. This segregation in data storage and
processing in modern computers is referred to as the “Von Neumann Bottleneck”, or “Memory

Wall[30].

One promising solution to the growing energy demands of advanced computing is the field of
neuromorphic computing[5]. Neuromorphic (“brain inspired”) computing provides frameworks for
novel computer architecture that integrates data storage and logic processing into a single component
able to simultaneously store data, as well as perform logic operations[31]. By doing so neuromorphic
computer hardware eliminates the largest energy consuming bottleneck in conventional computers, the
Von Neumann bottleneck[32]. Neuromorphic hardware has been shown to dramatically reduce the

energy consumption of neural networks in many applications, in some cases by over 99%(33].

Neuromorphic hardware accomplishes integrated data storage and processing by employing arrays of
circuit elements that are able to exhibit a range of resistance states, which can be used to represent the
values of elements in a matrix[34]. The elements in the matrix can then directly be read as data storage
or used in simple math calculations[35]. In this way neuromorphic hardware is able to directly represent
the weighted connections of a neural network and eliminate the need for data shuttling during the

training process[35].

One of the most promising circuit elements used as fundamental elements in neuromorphic hardware
is known as memristors[36]. Memristors are a fundamental passive circuit element, alongside resistors,

capacitors, and inductors[37]. First theorized in 1971 by L. Chua[37] and fabricated for the first time
3



in 2008 at HP labs by Strukov et al[38], the memristor relates charge and flux. The key signature of a
memristor is their pinched hysteresis loop response to periodic voltage and current signals[38]. This
enables memristors to retain a resistance state determined by the most recent charge flow they
experienced[37]. Memristors have been demonstrated to be able to process Boolean logic through
simple logic circuits[39], as well as be able to be employed in large arrays for neuromorphic
hardware[33]. Currently most of the methods for producing memristor based logic circuits are costly,
low throughput, and impose severe size constraints [24]. This highlights the growing need for economic

and scalable technologies capable of producing memristor based logic architecture.
1.2 Research Objectives and Thesis Organization

1.2.1 Research Objective

In broad terms the objective of this research is to develop the novel technology of direct laser writing
as a viable method of producing inexpensive electronic components able to suit the growing needs of
the fields of flexible electronics, and next generation computer hardware. This is accomplished through
characterizing the properties of various metal and metal oxide materials deposited using direct laser
writing in order to develop a more robust understanding of the process. As well, direct laser writing
was used to produce several prototype flexible electronic components in order to demonstrate viable
strategies that take advantage of the direct laser writing process to produce components suitable for

computer hardware.

1.2.2 Thesis Organization

This Thesis is organized into six chapters.
Chapter 1: Introduction

The introduction provides a background on the motivation for the research, an overview of the
thesis objectives and structure, as well as a literature review on topics relevant to the research. The
Literature review covers the topics of (1) the current state of manufacturing processes for electronics,
(2) an understanding of the functioning of memristors, and (3) various logic structures that use

memristors to great effect in computing applications.

Chapter 2: Background review on Electronics Fabrication techniques and novel computer

hardware applications



Chapter 2 provides a literature review on the current state of the art on several key topics. Firstly the
current strategies used to fabricate flexible electronics are described. Subsequently Direct Laser Writing
is introduced and explored as a novel method of producing inexpensive flexible electronics. Thirdly
memristors are explored as a novel device that provide several unique strategies for novel computer

hardware.
Chapter 3: Direct Laser Writing Process

Chapter 3 describes the key research findings of studies done using direct laser writing to
deposit a variety of metal and metal oxide patterns. Materials and methods used in the direct laser
writing process are outlined. Patterns deposited from copper, silver, nickel and iron are characterized
using their electrical properties as well as chemical characterization techniques of XRD, XPS,
RAMAN, and SEM.

Chapter 4: Fabrication of Copper Oxide based Memristors using Direct Laser Writing

Chapter 4 presents several strategies that employ direct laser writing to produce memristor
components. The effects of changing laser settings on the non-linear current voltage response of the

memristor components is studied using electrical characterization of fabricated components.
Chapter 5: Fabrication of Memristor Based Logic Structures using Direct Laser Writing

Chapter 5 presents several prototype devices capable of employing memristors into viable logic
processing hardware. Flexible memristor based Boolean logic patterns are fabricated and characterized.

Neuromorphic hardware produced from cross bar arrays of memristors is fabricated and characterized.
Chapter 6: Conclusions and Future Works

Chapter 6 summarizes the key findings from this thesis and outlines several avenues of future

research directions in the field of direct laser writing fabrication.



Chapter 2

Literature Review

2.1 Manufacturing Processes of Flexible Electronics

2.1.1 Conventional Manufacturing Processes of Flexible Electronics

In principle any device or material can exhibit some degree of flexibility if it is thin enough, as the
bending strain experienced is proportional to the dimensions of the device under bending[40]. This
concept has been used to moderate success in adapting conventional silicon based manufacturing
processes for making pseudo flexible electronic components [41]. In fact many devices that purport to
exhibit macroscopic flexibility are in actually ultra-thin components with only minimal to moderate
amounts of flexibility[7]. Many of the first-generation flexible electronics used this principle of thin
film pseudo flexibility to great effect, [10]. However as these devices were not inherently flexible the
accumulated bending strains would lead to detrimental device outcomes [11], and as such further

methods of producing flexible electronics were desired.

In general terms there are three main approaches to fabricating flexible electronic devices [7]. The first
approach relies on distributing conventional, non-flexible, components onto flexible substrates, and
then connecting the components using electrically conductive and mechanically flexible connectors
[42]. The second approach uses the development of electrically conductive organic materials that are
inherently flexible as functional materials in electronic devices[9], [13], [43]. The third approach uses
ultra thin films that are not necessarily flexible, but can be deposited onto flexible substrates to exhibit
macroscopic flexibility[44]. Figure 2.1, adapted from Rogers et al.,[42] shows graphical representation

of each of the approaches.



Figure 2-1 A) An array of LED devices linked by flexible connectors on a stretchable
substrate. B) Flexible and stretchable electric circuit pattern. C) Thin silicon circuit
printed onto flexible substrate, flexed in the center by a glass pipette tip. Adapted from
Rogers et al [38].

The approach of linking conventional non-flexible components with flexible connectors has shown
promise as outlined in the work done by Bao et al[45]. It was shown that through using this approach
the high performance properties of the conventional components could be retained, thus leading to
flexible devices with the potential to rival non-flexible devices in performance[46]. However, the
applicability of this approach is limited by its high fabrication cost and low throughput. As well the
need to space out the components and link them necessarily leads to devices that will be significantly
larger than their non flexible counterparts [45], as there is an ever increasing pressure to reduce the size

of electronics this is a major inhibiting feature of this approach.

The approach of using electrically conductive and intrinsically flexible organic materials has been
successfully demonstrated by many groups[47]-[49]. Many of the conductive organic materials have
been demonstrated to bear strains in excess of 100% , allowing for devices that are not only flexible
but stretchable as well [48], [49]. One major limitation to this approach is that in most cases the flexible
organic materials have poorer electrical properties when compared to conventional materials [13]. This

can lead to devices with poorer performance in terms of device stability or high power consumption[13].



The approach of ultra-thin films deposited onto flexible substrates has been shown as possibly the most
versatile of above mentioned strategies of producing flexible electronics[7]. Particularly the advent of
thin film transistors has enabled the development of many different flexible electronic devices, such as
displays [50], communication chips [51], and smart textiles [52]. In many cases the ultra thin film
transistors are based on amorphous oxide semiconductors such as amorphous silicon[53], amorphous
Zinc Tin Oxide [54], and several others [55]. However due to the limitations of amorphous materials
the semiconductors tend to exhibit much lower charge carrier mobilities when compared to crystalline
semiconductors, such as silicon [7]. This leads to these flexible devices typically showing poorer
performance than conventional counterparts, such as device stability, or lower device ON/OFF ratios
[7]. Alternative materials to amorphous metal oxide semiconductors for thin film transistors do exist,
such as Single Wall Carbon Nanotubes (SWCNTS). However, these materials tend to suffer from costly

and prohibitive manufacturing processes, which can result in poor device uniformity [56].

2.1.2 Laser Writing of Flexible Electronics

Direct Laser Writing is a general term for a group of techniques that has been used to refer to a wide
variety of processes [57]-[60]. For this thesis the term direct laser writing will be used to describe a set
of processes wherein a beam of focused laser irradiation is used to ablate, modify, or deposit material
onto a working surface, without the use of a mask or lithography process. The interaction of the focused
laser beam with the working substrate will determine whether the laser direct writing process is
depositing, modifying or removing material from the working substrate[61]. Since laser processes
where a laser is used to selectively remove material is typically referred to laser micromachining and
is an established research field in its own right it is outside the scope of this work. The key benefit to
direct laser writing processes is the aforementioned lack of necessary masking or lithography. This
allows direct laser writing techniques to provide low cost and more rapid fabrication processes for

flexible electronics.

Direct Laser writing as a process has been attracting increasing amounts of interest for the fabrication
of electronic components recently . While much progress has been made in order to explore and develop
direct laser writing , there are still many challenges that need to be addressed for direct laser writing to
see widespread adoption. This represents a significant opportunity for research to advance the field of
laser direct writing. Figure 2.2 shows the number of research publications per year that include the

keywords direct laser writing (or some variation thereof such as laser direct writing) and electronics.
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Figure 2-2 Research publications published per year that include the keywords “Direct

Laser Writing” and “electronics” on Web of Science

A common strategy for using direct laser writing to deposit flexible conducting patterns is laser
irradiation of precursors containing metal nanoparticles [15]. The laser irradiation is able to join the
nanoparticles, through sintering, into continuous conductive networks. The main benefit to this
technique is that the laser irradiation is able to achieve sintering action at temperatures low enough to

still be suitable for use with flexible substrates [57].

The low temperature sintering is achieved through the use of plasmon resonance[62]. Plasmon
resonance refers to the interaction of an electromagnetic wave with the electron conduction band of a
metal nanoparticles. Electromagnetic waves, such as the irradiation from focused laser beams, is
capable of stimulating oscillations in the electrons of metal nanoparticles, that create small temporary
regions of delocalized electron fields near the surface of the nano particles called surface plasmons[63].
When a region with a high concentration of nanoparticles is irradiated the surface plasmon fields of
neighbouring nanoparticles can overlap. In these overlapping regions high heat is generated due to the
interfering plasmon fields[64]. These localized heating regions between nanoparticles provide the
heating effect necessary to melt small regions of the nanoparticles and provide the sintering action
necessary to form the nanoparticles into a continous network. Figure 2.3 adapted from Liao et al[62].

demonstrates the surface plasmon effect and how nearby particles can have overlapping fields. Since
9



the regions of plasmon interaction are very small the macroscopic temperature of the process remains
fairly low, which is what allows the process to be used in high temperature sensitive applications. One
main issue with this approach is that many techniques rely on pre-synthesized nano particles [15]. This
leads to these techniques suffering from needing high cost raw materials and showing poor scalability

due to the difficulty of acquiring large amounts of nanoparticles[58].
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Figure 2-3 Overlapping electron fields from nearby nanoparticles receiving

electromagnetic stimulation. Adapted from Liao et al [62]

In order to avoid the use of expensive precursors another technique of direct laser writing of precursors
containing metal salts and reduction agents has been shown to be viable, most notably copper salts[65].
In this approach metal salts provide metal ions that can be reduced by the interaction of the laser
irradiation with the organic agents within the precursor. Typically polyvinylpyrrolidone (PVP) is
selected as the primary organic reduction agent [66]. PVP is used as it’s degradation process is well
understood [67]. The lactam side chain on PVP can be disrupted through laser irradiation, resulting in
the formation of formic acid which can then interact with and reduce metal ions in solution[65]. Often,
other organic molecules may be included to help facilitate the reduction of metal ions through the
degradation of PVP [68]. Polyethylene glycol (PEG) is a common choice to include along side PVP, as
it has been shown that the OH end groups of the PEG molecules are able to reduce the energy needed
to disrupt the lactam ring of PVP [69], thus reducing incumbent energy needed to degrade the PVP.
Figure 2.4 shows the PEG assisted photodegradation of PVP, along with the reduction mechanism of

metal ions through formic acid. Oher chemicals such as polymethacrylic acid sodium salt (PMAA-NA)
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[62], or sodium citrate (NasCsHsOv) [70] have also been shown to be beneficial to the PVP degradation

reaction.
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Figure 2-4 PEG Assisted Photo degradation of PVP leading to generation of formic

acid. Subsequent reduction of copper ions through interacting with formic acid.

Once the metal ions in solution have been reduced they form nanoparticles, which can be subsequently
sintered using the surface plasmon effect [71]. This allows metal salt solutions to produce metal
nanoparticle networks with comparable properties to solutions that rely on nanoparticle precursors [72].
In addition the use of metal salts has been shown to exhibit a high degree of chemical control over the
deposited materials in copper patterns [73]. This is done by controlling the amount of formic acid
available to reduce the metal ions in solution during laser irradiation. Reducing formic acid content
means that less of metal ions in solution are able to be reduced to the metallic copper state, and as such
will be incompletely reduced and deposited as metal oxide nanoparticles [65]. The metal oxide
nanoparticles can also be sintered to form continuous networks through conventional photothermal
heating effects of laser irradiation. However, since oxides do not exhibit a surface plasmon effect due
to the fact that they do not have a continuous conduction band like metals. This tends to lead to
nanoparticle networks that have more sharp flat features, compared to round interconnected metal
nanoparticle networks. Figure 2.5 adapted from Liao et al[62], demonstrates the difference in

morphologies of metal nanoparticle networks, and metal oxide nanoparticle networks.
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Figure 2-5 A) Copper oxide nanoparticle network formed from DLW B) Copper
nanoparticle network formed from DLW Adapted from Liao et al [62]

There are two main strategies for controlling the chemical properties of copper patterns through PVP
degradation. The first is by varying the amount of PVP included in the precursors solution [66]. This
strategy is fairly straightforward, by applying an abundance of PVP in the precursors there is a
guarantee that enough formic acid will be generated to fully reduce all the metal ions present, leading
to highly metallic patterns [65]. And vice versa, by providing only a small portion of PVP not enough
formic acid could be generated to reduce all the metal ions present, leading to oxide patterns [73]. The
second strategy relies on varying the laser settings in order to selectively degrade the PVP present in
the precursor. Since the degradation of the PVP is laser initiated, providing a high amount of laser
incumbent energy encourages complete degradation of all the PVP present in the precursor, and thus
an abundance of formic acid. By reducing the amount of laser energy applied to the sample decreasing
amounts of PVP get degraded, thereby limited the generation of formic acid [72].

Direct Laser writing of copper and copper oxide patterns from metal salt precursors has been shown in
previous works to be a viable method of rapidly producing flexible electronic components such as
electrodes [70], capacitors[62], a range of sensing elements [72], [73], memory devices[74] and many
more. Figure 2.6 adapted from various works, details the direct laser writing process that have been
used to produce flexible sensors, capacitors, memory devices and electrodes. By utilizing the control
over chemical properties functional devices can be made in simple, rapid, and inexpensive processes.
As such there is growing interest in expanding the capabilities of direct laser writing. Several key areas

have been identified as potential research avenues in the field of direct laser writing.
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Figure 2-6 A) DLW process used to fabricate a flexible glucose sensor adapted from
Zhou et al [73]. B) DLW process used to fabricate large area flexible capactiro Adapted
from Liao et al[62], C) DLW process used to write and erase flexible electric circuits

adapted from Zhou et al [69]. D) DLW process used to fabricate CuO based memory

device adapted from Liu et al [74]
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Firstly most of the works that have demonstrated successful use of direct laser writing of copper patterns
utilized lasers in the ultra violet wavelength [75], [75], [76], demonstrating successful application of the
direct laser writing process at near infrared wavelengths would improve the versatility and accessibility
of the process.

Secondly, most of the work done using direct laser writing of metal salts focuses on copper and copper
oxide patterns [65]. Being able to determine whether the key principles identified in direct laser writing
can be applied to other metal systems would be very beneficial in expanding the scope of direct laser

writing.

Thirdly direct laser writing has been shown to be adapt at producing planar components [61], [73], [77].
However, there is yet to be a strong demonstration of being able to produce 3D hierarchical components
using direct laser writing. By developing techniques that can be used to implement 3D patterns with

direct laser writing the versatility and scope of the process can be greatly expanded.

2.2 Memristors

2.2.1 Theoretical background of memristors

Memristors are the most recently discovered group of passive circuit components. The existence of the
memristor was first proposed by Leon Chua in 1971. It was proposed that based on the relationships
between the known passive circuit elements at the time (i.e. resistors, capacitors, and inductors) that a
fourth element should exist, that relates electrical charge and flux[37]. This was shown to be necessary
in order to have a complete description of the relationships between the four fundamental circuit
variables of current, voltage, charge and flux[78]. Figure 2.7a adapted from Strukov et al, demonstrates
the relations between the four fundamental circuit variables with the inclusion of the memristor. The
memristor was postulated to have a non-linear resistance with a memory effect (hence the name
memristor, as a portmanteau of memory resistor). The functional relation between charge and flux was
represented as d¢p = Mdq where M was the unit of memristance. It can be seen that if M was a constant
then the relationship can be simplified to that of a resistor[37]. Therefor for the memristor to be of any

significance the unit of M must also be a function of charge[37].
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Figure 2-7 A) The four fundamental circuit values of voltage, charge, flux and current,
along with the relationships between them B) The circuit element icon of a memristor
C) the Pinched hysteresis loop in the 1-V plane of the Pt/TiO/Pt device. D) The
analytical representation of how the movement of oxygen vacancies within the TiO

layer would affect the device resistance. Adapted from Strukov et al[38]

The first memristor device was fabricated by Strukov et al in 2008 who fabricated a cross point switch
from a layer of titanium oxide sandwiched between 2 platinum electrodes[38]. In this the first physical
model for how a memristor would physically link memristance and charge was presented. It was
proposed that the resistance state of the memristor was controlled by an internal state variable that had
a dependence on current. In the case of the Pt/TiO/Pt switch the state variable was a representation of
the concentration of ionic dopants within the TiO layer. The regions within the TiO layer that contain
dopants would have a significantly lower resistance than the undoped region. The application of an
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electrical bias would cause the ionic dopants to drift and extend the highly conductive region thus
lowering the overall device resistance, which could then be reversed by applying an electrical bias in
the opposite polarity. This was also the first instance of the pinched hysteresis response in the current
voltage plane which has since become a signature of memristor components[79]. In figure 2.7 the
current voltage response of the device fabricated by Strukov et al is shown. It can be seen that at a
positive bias of approximately 0.9 V the current jumps dramatically, this indicates that the resistance
of the device has dropped. This is referred to the setting voltage of the device, as it indicates the applied
electrical bias required to reduce the overall device resistance, and set it to a low resistance state (LRS).
It relates the to electrical bias required to motivate the movement of the ionic dopants within the TiO
layer. As well the device shows an increase in resistance at around -0.9 V, this is referred to as the
resetting voltage as it indicates the voltage required to return the device to it’s initial high resistance
state (HRS).

Since then, memristor components have been fabricated from a variety of metal oxide systems,
including silver oxide [80], copper oxide[76], [81], hafnium oxide [82], [83], and many others[84], [85].
Typically most systems follow the outline provided by Strukov et al in sandwiching an insulating metal
oxide layer between two metal electrodes[5], this has come to be referred to metal/insulator/metal or
M/I/M structured memristors [24]. As well other methods of producing non metal oxide materials that

exhibit memristance have been demonstrated [86].

As the field of memristors has expanded components with different memristive responses have been
developed. In broad terms memristors can be categorized into two groups, unipolar and bipolar
memristors[87]. In bipolar memristors the electrical bias required to set and reset the device are opposite
polarity, whereas in unipolar memristors the setting and resetting voltages are in the same polarity, and

are only separated by the amount of the applied bias [88].

Several different memristor categories that exhibit resistive switching effects that are distinct from the
metal oxide resistive switching have also been developed. Such as polymeric memristor systems that
use ion based movement in organic materials to exhibit memristive behaviour[89] Or memristance in
ferromagnetic systems[86]. In short there has been a rapid expansion in the development of memristor
systems. The scope of this thesis will only primarily concern itself with resistive switching in metal

oxides.
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2.2.2 Resistive Switching in Metal Oxides

Due to the relatively new nature of memristor devices in many ways they are not as thoroughly
understood as other key electrical components, as such design modelling and study of memristors is an
ongoing field of research[84], [90]-[92]. The initial model proposed by Strukov to explain the physical
phenomena behind the resistive switching effect observed in the TiO layer has been largely improved
upon([93], [94]. The physical ion drift model is no longer broadly considered as the most accurate model
of physical memristor phenomena, nevertheless it remains relevant as it is the foundation for many of

the robust analytical models used to predict memristor behaviour[95].

Two primary models exist to describe the resistive switching in metal oxides[96]. The first model is
that of the conductive filament (sometimes also referred to as conductive bridge) formation[97]. This
model is considered the more applicable model [24] and has physical evidence for its existence in a
wide range of metal oxide systems[98], [99]. The conductive filament formation occurs when localized
ion drift forms a narrow region of highly concentration active ions under an external electrical
bias[100]. The device starts in a high resistance state, and is switched to a low resistance state when the
filament connects both electrodes. Upon applying an opposite electrical bias the filament ruptures and
the device is returned to its initial high resistance state [101]. Depending on the nature of the active ions
participating in the formation of the conductive filament conductive filament devices can be further sub
divided into two categories. The first category is classified as when the active ions are cations, typically
metal ions [80]. The second category uses the migration of anions, which in most cases is oxygen
vacancies, or O defects [102]. In anion based devices the conductive filament is typically a region of
highly concentrated oxygen defects, whereas in cation devices the conductive filament is typically a
metal filament[103]. Figure 2.8 adapted from Valov et al shows a schematic diagram of the formation

of a conductive metal filament along with the corresponding changes in device resistance.
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Figure 2-8 The various stages of conductive filament formation and rupture, along with

their implications on overall device resistance adapted from Strukov et al [24]

In anion based devices electrically motivated ion drift is the primary process that occurs to form the
conductive filament [24]. In cation based devices two processes occur, ion drift as well as redox of
metal ion at the electrode [87]. This leads to the process being dependent on the redox reactions at both
electrodes. In copper based systems this means the copper redox reactions of Cu* + ¢ «<» Cu, or Cu?*
+2e" — Cu. These reactions are impacted by both the kinetics of charge transfer through the active
layer, as well as the diffusion of the metal ions [104]. As such there is ongoing work studying the

behaviour of ion migration in metal oxides, under thermal and electrical driven conditions[100].

Devices that use conductive filament formation as a means to achieve memristor behaviour typically
require an initial electroforming step [105]. This refers to the initial application of an external electrical
bias to promote the forming of the bulk of the conductive filament. Once the electroforming has been
applied subsequent electrical biases work to affect the already predominantly established conducting

filament[104]. This enables many of these devices to have ultra fast setting and resetting behaviour[92].
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One major downside to conductive filament based devices is that the formation of the conductive
filament is stochastic in nature[87]. As a result many devices become defective during the
electroforming step. The most common type of defect is referred to as “hard setting” [83]. In hard
setting the device is permanently set to the low resistance state through the formation of multiple

conductive filaments[83].

The second model is described as the interface switching model. In this model the resistive switching
phenomenon is attributed to the uniform migration of oxygen vacancies between two distinct metal
oxide layers[81]. The work done by Zou et al., demonstrated fabrication of Cu/CuO/AgO/Cu cross
point stacks that used the boundary transition between the CuO and AgO phases to exhibit bipolar
resistive switching [106]. In the device migration of oxygen vacancies motivated by external electrical
bias would change the relative fraction of the CuO and AgO phases. Due to the difference in resistivity
between the AgO and CuO phases as the fraction of the CuO phase would decrease the overall device
resistance would drop. Under an opposite electrical field oxygen the fraction of the CuO phase would
increase and set the device to a high resistance state. Figure 2.9 is adapted from Zou et al and
demonstrates the oxygen vacancy drift mechanism along with the pinched hysteresis response of the
fabricated devices. The benefit to devices fabricated using the boundary transition mechanism is that
they do not require an electroforming step. It has been shown that the electroforming step is one of the
largest sources of defects in devices that operate using the conducting filament formation [107], which

can lead to devices with poor consistency and device stability.
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Figure 2-9 A) Schematic diagram of the interface boundary between the copper oxide
and silver oxide layers, and how applied voltage bias can change the relative fraction of
each layer B) The pinched Hysteresis loop of the fabricated Ag/AgO/CuO/Cu device.
Adapted from Zou et al[106]

In both cases of the filament formation and interface switching the memristors are able to demonstrate
intermediate resistance states between the high and low resistance states [34]. In the conductive filament
formation based devices the intermediate states are defined as partial formation of the conductive
filament [24]. In the interface switching based devices the intermediate states are defined as different

proportions of the distinct oxides in the active layer[106].

In conductive filament based devices the conductive filament is thermodynamically unstable [92]. The
high concentration of oxygen defects that form the conductive filament in anion based devices is
energetically unfavorable [80], which leads to degradation of the conductive filament over time. As
well in cation based devices the metal filament shows a higher chemical potential of the metal atoms
within the filament than external leading to a thermodynamic drive to dissolve the filament [80]. This
leads to many memristor devices showing some degree of instability in the low or intermediate

resistance states [80].
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2.3 Memristor Based Logic Structures

2.3.1 Boolean Logic Gates

Boolean logic is a branch of formal logic where all variables are considered only to be either true or
false, which are often denoted by values of 1 and 0 respectively[108]. Boolean logic provides the
foundation for modern computer operation as transistors are able to exhibit two separate resistance
states, either high or low, which can be used to represent the Boolean values of 1 and 0[108]. Three
simple Boolean operations make up the entirety of Boolean logic that enables modern computer logic,
“Or”, “And”, and “Not” [108]. “And” and “Or” operations take in two values and return one value, and
“Not” takes in one value and returns the opposite value[109]. The truth tables for the logic operations

are outlined in Table 2.1.
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Table 2-1 Truth Tables for Boolean “And” “Or” and “Not” functions

AND OR NOT
Inputl Input 2 | Output Input 1 Input 2 | Output Input 1 | Output
0 0 0 0 0 0 0 1
0 1 0 0 1 1 1 0
1 0 0 1 0 1
1 1 1 1 1 1

Transistor based circuits have been designed that are able to effectively exhibit these Boolean logic
operations[109]. Due to how fundamental these Boolean Logic operations are, they are typically
referred to as “Logic Gates”. All complex computer logic operation is a product of hundreds of
thousands of interwoven logic gates processing Boolean Logic signals[110]. As such there is an ever-
ongoing effort to reduce computing time and increase the logic density of computer chips through the
improvement and simplification of Boolean Logic Gates[111]. The use of Memristors as Boolean Logic
units has begun to attract attention as memristors are two-terminal devices, as compared to transistors
which have three terminals (collector, emitter, and gate). Boolean “And” and “Or” gate circuits have
been designed that utilize the resistive switching behaviour of memristors to simplify the circuitry used
to process formal computer logic[112]. Schematic diagrams of Memristor based “And” and “Or” gates
are outlined in Figure 2.10. It is key to note that there is no current method of producing a “Not” gate
using memristors[39]. As a result any computer logic that does use memristor based logic circuits will
also need to use conventional transistor technology. As such, methods of fabricating memristors
suitable for use in logic gates should be compatible with conventional methods of fabricating computer
hardware[112]. Practically this means that the fabrication method should be low temperature to avoid
damaging silicon substrates used in conventional CMOS chips and avoid the use of chemicals that are

corrosive or otherwise damaging to silicon substrates[112].
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Figure 2-10 A) Memristor “And” Gate B) Memristor “Or” Gate

It can be seen that the memristor based “And” and “Or” gates are nearly identical in design, both using
a pair of memristors that in essence act as a voltage divider circuit. The only difference between the
two gates is that the memristors in the “And” gate are implemented in an opposite polarity to the
memristors in the “Or” gate. In the circuit diagram icon of a memristor, the black bar on one end of the
device is used to indicate polarity. Current passing from the black end to white end is the polarity that
will set the device, and current passing from the white end to the black end will reset the device. Since
memristors will exhibit a low resistance state if a current is passed in the same polarity as the setting
voltage, and a high resistance state if a current is passed in the opposite polarity as the setting voltage,
in limited cases a memristor can behave as a diode. In the role of Boolean Logic memristors are
effectively treated as a switch that is set to either high or low resistance depending on the orientation
of the current passing through it[39]. By treating the logic gates as voltage divider circuits simple
relations can be used to find the output signal of the circuit given any set of inputs. For identical inputs
(i.e. Vinl =1, Vin2 =1, or Vinl =0, Vin2 =0) there is no potential difference across the circuit and therefor
the output will be the same as the inputs. In the case where there are alternating inputs (i.e. Vinl =0,
Vin2 =1, or Vinl = 1, Vin2 =0) the input signal will experience dynamic resistance within the circuit

depending on the polarity of the memristors.

In the case of the “And” gate any input signal will experience the first memristor prior to the output
node in the high resistance state, as it travelling in the polarity that will reset the device. It will then
experience the second memristor just after the output node in the low resistance state, as it is travelling
in the polarity that will set the device. As such the relation used to describe the output of the signal for

this circuit is as outlined below[113].
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LRS (1)

Vour = Vin Tpe T HRS

if HRS » LRS ThenV,,, = 0

In the case of the “Or” gate any input signal will experience the first memristor prior to the output node
in the low resistance state, as it is travelling in the polarity that will set the device. It will then experience
the second memristor just after the output node in the high resistance state, as it is travelling in the
polarity that will reset the device. As such the relation used to describe the output signal for this circuit
is outlined below[113].

HRS 2)

Vour = Vin 7o HRS

if HRS > LRS Then V. = Vi,

From the above relations it can be seen that the success of a memristor in Boolean logic relies on large
differences in resistance between the low resistance state and high resistance state. There will inevitably
be some signal degradation across memristor based logic gates due to the non-zero resistance of the
low resistance state. This however can be alleviated by the integration of CMOS components such as
inverters, which will be necessary in the overall function of the circuits to provide “Not” gate
functions[39]. This means that while large differences between the resistance states of the device is
important, there are diminishing returns to further increasing the gap between the states[39]. As well,
for rapid signal processing a memristor that is able to switch between the high and low resistance state

in very short periods of time is also desirable[112].

The real benefit to using memristor based logic gates comes when comparing the amount of individual
components needed to form more complex logic circuits, such as adder circuits and multiplier circuits,
with and without the use of memristor logic gates. Table 2.2 adapted from Mandel et al[39] outlines
the differences in the number of components needed to complete a series of fundamental logic circuits
when using conventional CMOS components, and when using memristor components. From this it can
be seen that conventional computer chips that employ memristors will be able to achieve much higher

logic density through the simplification of fundamental logic circuits. However, manufacture
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techniques capable of producing memristor logic gates that are compatible with conventional CMOS
chip materials still need to be developed in order to realize the full benefit of memristor based Boolean
Logic[24].
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Table 2-2 Comparing the number of components needed to make fundamental circuits
using memristor based logic, and conventional CMOS based logic Adapted from
Mandel et al [39]

Memristor based Logic Gates MOSFET based Logic Gates
Logic Circuit # of Memristors # of CMOS # of MOSFETS # of CMOS
Invertors Invertors
And 2 0 4 1
OR 2 0 4 1
Nand 2 1 8 2
Xor 6 2 10 2
Full Adder 18 4 22 3
8 Bit Carry Save 288 64 352 48
Adder
8 Bit Wallace 208 40 280 28
Tree Multiplier

2.3.2 Crossbar Logic Structure

Cross bar structure refers to a broad category of hardware architecture that describes an array of two
terminal nodes that are formed at the intersection of sets of parallel top and bottom electrodes that are
oriented perpendicular to each other [102]. Figure 2.11 adapted from lelmini et al displays a typical
cross bar structure. The sets of parallel electrodes are referred to as word lines and bit lines for the top
and bottom respectively [5]. Memristors are formed at each node by applying a material that has shown
resistive switching capability in between the top and bottom electrode. Thereby forming the critical
metal/insulator/metal structure of a typical metal oxide based memristor[79]. The cross bar structure is

the most widely employed structure of memristor based architecture [102]. In the array each memristor
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is analogous to a memory bit, in that a value can stored into the memristor in the form of setting its

resistance.
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Figure 2-11 A) Memristor Cross bar Array diagram Adapted from lelmini et al et
al[102]. B) Graphical representation of a neural network being translated into

memristor arrays

It can also be seen that through using the ability to set memristors to intermediate resistance states a
range of values can be stored. Take for example a theoretical device that has a low resistance state of
10 Q and a high resistance state of 100 Q. Setting the device to the high resistance state would
correspond to storing a memory value of zero, and setting the device to the low resistance state would
correspond to storing a memory value of one. If it was desired to store a value of 0.5, then the device

would be set to an intermediate state with a resistance halfway between the high and low resistance, in
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this case about 55 Q. The crossbar structure also allows for basic mathematical operations to take place
within the array [99]. Using fundamental circuit laws values stored in the array can be directly accessed
and changed without the need to shuttle information to any external piece of hardware[35]. This is
driving the interest in crossbar architecture as it is what enables memristor based computer hardware
to provide physical systems uniquely suited to representing neural networks, and the ability for in situ

updating of the memristor weights bypasses the Von Neuman bottleneck[31].

Crossbar networks are of primary interest in providing specialized hardware for neural network based
applications. The memristor nodes in the array behave as modifiable weights in the neural network. As
well the ability to update weights in situ has shown to be able to dramatically improve the performance
and reduce energy costs in a variety of neural network applications. The work done by Gao et al [114]
demonstrated how a cross bar array of memristor elements could be used to develop neural networks
designed for sound localization processes. By using the ability to update the weights of the memristors
in the arrays with in-situ modifications to the array it was shown that they could reduce the power
consumption of the neural network to less than 1% of using a conventional computer. Furthermore the
size of the array was only 1024 total nodes. Which demonstrates that cross bar arrays don’t need to be

very large in order to be of use in real applications.

One of the main challenges that has been identified with cross bar array architecture is that of “sneak
paths” within large arrays [115]. The sneak path refers to the potential for alternative low resistance
paths to exist within a cross bar array that allow for a signal directed at a specific node to be diverted
around the node and provide an erroneous response. Typically an individual node is read or updated by
sending an electrical signal through its corresponding word and bit lines, i.e. to read or affect the node
in the (i, j) position in the matrix a signal would be sent from the ith word line to the jth bit line, under
the assumption that the electrical signal would pass directly from word line to bit line through the node
at the specified location. However if there is an alternative path through the matrix that provides a lower
resistance path for the electrical signal it will take the alternative route, as according to basic laws of
circuits and electricity [115]. Figure 2.12 adapted from Li et al demonstrates how sneak paths may exist
within a cross bar structure. This is most common when trying to read or affect a node set to the high
resistance state [116]. The sneak path issue grows as the size of the cross bar array grows as more
potential routes through the matrix exist [116]. As such the sneak path challenge is considered one of

the primary challenges that needs to be addressed to enable the development of larger cross bar arrays
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that are able to provide the hardware to support larger and more complex neural network
applications[117].
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Figure 2-12 A) Graphical Representation of the sneak path problem in memristor cross

bar arrays B) Erroneous reading due to sneak paths. Adapted from Li et al [115]

Another challenge facing the development of cross bar based hardware architecture is the limited
options for fabrication techniques able to produce large arrays of memristor elements [24]. The most
common methods of producing memristor cross bar arrays rely on fabrication techniques such as
electron beam deposition[83] or nano imprint lithography [118], in addition to thin film deposition
techniques. While these techniques offer very high spatial resolution they also limit the size of
memristor arrays, as well they are low throughput and costly [83]. This highlights a growing need for

new methods of producing memristor cross bar arrays that are rapid and inexpensive.

In summary this literature review presents a survey of the current fabrication methods available to
create flexible and novel electronic devices. Many of the methods available to create flexible electronic
devices suffer from high cost and low throughput. Direct Laser writing is introduced and explored as a
new method of fabricating flexible electronic components. The key benefits of simple and rapid
fabrication method, as well as the use of inexpensive raw materials are key driving factors in the
growing interest in direct laser writing. Memristors are introduced as novel passive circuit elements
with significant potential to create new computer hardware architecture that can greatly alleviate the
energy costs associated with neural network based software applications. The fundamental properties

of memristors are described and their implementation into several different computer hardware designs
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is illustrated. The novel nature of memristor devices mean that currently there is not many proven
fabrication methods that can create memristor devices suitable for computer hardware applications, that

are also inexpensive and simple.

In this thesis we work to identify the research gap in developing low cost and simple fabrication
techniques of memristor devices. By providing low cost memristor fabrication techniques the barriers
to memristor based research can be reduced, and thereby memristor focused research can be
accelerated. We work to leverage the low cost and simple process of direct laser writing techniques to
develop a facile and inexpensive method of memristor fabrication. This is done by furthering the
understanding of the fundamental laser material interactions that occur during direct laser writing and

demonstrating successful strategies of fabricating memristors.
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Chapter 3

Direct Laser Writing Process!

3.1 Introduction

In this chapter the process of direct laser writing using a near infrared laser will be explored in depth.
First the techniques used to fabricate flexible metal patterns from metal salt precursor solution will be
described. Then the electrical and chemical properties of deposited patterns will be characterized.

3.2 Materials and methods

3.2.1 Preparation of metal salt precursors

Metal salt precursor solutions were formulated from mixtures of metal nitrate salts and organic
reduction agents in the form of Polyethylene glycol (PEG) and Polyvinylpyrrolidone (PVP). Metal
nitrate salts were selected primarily due to their relatively low cost, ease of access and ease of handling.
Additionally, many metal nitrates have high solubility in water and alcohols, allowing for the creation
of precursor solutions with high concentrations of metal ions. PEG and PVP are selected as organic

reduction agents due to their low cost, low toxicity, and high solubility in water and alcohols.

Aqgueous precursors are formulated from 2 M metal nitrate solutions, 0.2 g/ml aqueous PVP, 0.1 g/ml
aqueous PEG and deionized water in a volume ratio of 3:1:1:5 respectively. The precursor is then drop
casted onto a polymer or glass substrate. The precursor solution is applied at a density of 0.21ul per
mm?, the coated substrate is then heated in a on oven for 50°C for one hour to dehydrate the copper
solution. Drying at higher temperatures risks the formation of bubbles in the drying precursor, these
bubbles contribute to non-uniform precursor films that lead to poor consistency in the properties of
deposited films. The coated precursor should not be left long between drying and laser treatment. Due
to the hydrophilic nature of metal nitrates the dried precursor film will absorb moisture from the air if
left over time. Excess water is detrimental to the laser writing process as energy from the laser is used

to heat and boil the retained water which leads to deterioration in the quality of the deposited patterns.

! The contents of this chapter have been incorporated within a paper by Joshua Jones, Monika Snowdon,
Shasvat Rathod and Peng Peng, titled “Direct Laser Writing of copper and copper oxide structures on plastic
substrates for memristor devices” that has been published in the IOP Journal of Flexible and Printed Electronics
available online at https://iopscience.iop.org/article/10.1088/2058-8585/ach0df/meta
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The substrate is treated ahead of being coated with an oxygen plasma cleaner supplied by PIE Scientific
in order to increase the hydrophilicity. The oxygen plasma improves hydrophilicity by bombarding the
surface of the substrate with high energy oxygen ions that remove organic surface contaminants by
disrupting organic chemical bonds. Oxygen plasma is selected as it is an environmentally friendly and

economic method for cleaning and surface activation.

Alcohol based precursors are formulated by adding 0.006 M of the metal nitrate, 0.1g of PEG, and 0.2g
of PVP per 1ml of Isopropyl alcohol. The solution is then sonicated for 30 minutes in order to ensure
complete dissolution of the metal salt. The precursor is subsequently heated in a hot bath at 50°C for 3
hours in order to obtain a thick spreadable paste. The paste is then spread onto polymer, or glass
substrate manually using the draw bar technique. Shims are set on either side of the substrate during

the paste application in order to control the thickness of the paste layer being deposited.

3.2.2 Laser Irradiation of metal salt precursors

The laser used for direct laser writing was a YLM-30 with a NIR1064 nm continuous wave ytterbium
laser produced by IPG photonics. The laser is encased in a glovebox supplied by Miyachi with a
protective glass sheet to prevent the escape of near infrared light. A three-axis gantry system is used to
move the laser head relative to the sample stage. The laser, and gantry system are controlled
simultaneously through an attached computer that runs DELTAMOTION™ software. Laser treatment
patterns are programmed into the software that enable control of the scanning pattern, laser power
output, laser travel speed, and laser defocus. For this work unless otherwise specified the laser was
focused to a spot size of 200um. Figure 3.1 shows a sample in the laser treatment chamber receiving

focused laser irradiation to selectively deposit a copper pattern.
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Figure 3-1 A) Flexible polymer substrate coated with copper precursor solution B).

Sample in the process of receiving laser treatment C) Sample after treatment showing

deposited copper pattern surrounded by unirradiated precursor

3.2.3 3.2.3 Characterization of deposited materials

Microstructure characterization was conducted using field emission scanning electron microscopy
(LEO Zeiss FESEM), in situ Energy Dispersive X-Ray analysis (EDAX) was conducted during SEM
imaging. X-Ray powder diffraction (XRD) analysis was conducted using a PANalytical Hr-XRD to
identify the as-written materials. Copper was used as the anode material, with a two-theta scan range
from 30° — 80° with a step size of 0.1°. X-ray photoelectron spectroscopy (XPS) was conducted using
an Aluminum K alpha source gun with an energy step size of 0.1 eV to characterize the surface
chemistry of printed samples. All the XPS spectra were corrected using the C 1 s peak at 284.8 eV as
a reference. Raman spectrum was measured using a Renishaw micro-Raman spectrometer with an

excited wavelength of 632 nm to analyze the composition of printed materials.

Electrical characterization was conducted using a Kiethley 4200 probe station. Current-voltage sweeps
were conducted using source measure unit (SMU) probes, with a max time resolution of 1E-4 s, and a
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max voltage resolution of 1E-13 V. Dynamic characterization tests were conducted using pulse measure
unit (PMU) probes, with a max time resolution of 5E-9 s, and a max voltage resolution of 1E-11V.

3.3 Direct Laser Writing of Copper / Copper Oxide Patterns

Direct Laser Writing patterns of copper and copper oxides were deposited under a range of laser settings
and changing precursor concentrations. The effects of laser settings and reduction agents on the direct
laser writing process were observed through chemical characterization techniques, such as XPS, XRD
and Raman analysis, as well as measuring the change in electrical properties. This was done in order to
build a more robust understanding of the laser-chemical interactions that occur during the laser
irradiation of the metal salt precursors. While other metal patterns, such as silver and nickel were also
fabricated and characterized, the copper patterns received the most extensive analysis due to the high
interest in copper and copper oxides as multifunctional materials[119].

3.3.1 Effect of Laser Writing Parameters

In order to observe the impact of laser settings on the properties of copper patterns produced by direct
laser writing, 0.5mm polycarbonate films were coated with copper precursor and treated with laser
irradiation at a range of different laser settings. The three laser settings of laser power, scan speed, and
defocus were selected as the variables with the highest likelihood to have significant impacts on the
properties of the deposited patterns. In all cases the laser was operated in a continuous wave mode. It
is acknowledged that pulse mode operation of the laser would also likely enable further control of
properties of the deposited patterns, however that avenue was not pursued due to the pulse mode

operation of the laser used in this study being non-functional for the duration of the research.

Sheet resistance tests were conducted on copper patterns printed at a range of laser settings. Sheet
resistance tests were conducted using the 4-point probe method typical for measuring sheet resistance
in thin films. In order to prepare the samples a copper precursor solution was formulated from agueous
solutions of copper nitrate, polyethylene glycol, and polyvinyl pyrrolidone. The concentrations and
mixing ratios of the ingredients used in the precursor solution are outlined in table 3.1. Sigma Aldrich

chemicals supplied all chemicals used.
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Table 3-1 Contents of aqueous copper precursor solution

Concentration

Volume ratio

Copper Nitrate (Cu(NOs),)

PEG, MW 5000

PVP, MW 2400

De-lonized water

The copper precursor was drop-cast onto the substrates. In particular, 700 ul of copper ion precursor
solution was applied to 33 mm? of a substrate. The coated substrate was then heated in an oven at 50°C
for one hour to dehydrate the copper solution. The laser used for direct laser writing was a YLM-30
with a NIR1064 nm continuous wave ytterbium laser produced by IPG photonics. The laser was focused
on a spot size of 200 um. After selective laser irradiation of the coated substrate was completed, the

samples were rinsed with deionized water to remove the unirradiated regions. The direct laser writing

2M

0.1g/ml

0.2g/ml

process is carried out in an air environment at room temperature and humidity.
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resistance as a function of laser power and speed with regions highlighting unsuitable

parameters due to substrate burning, and insufficient material deposition.

Figure 3.2b-c show the results of sheet resistance of as-written samples produced at a range of laser
power, and scan speed. The electrical property of the deposited materials is highly dependent on the
laser writing parameters. Generally, the trend presented shows a dramatic decrease in sheet resistance
when increasing laser power from 1.0 to 3.0 W, see Figure 3.2b. A processing window for low
resistance patterns seems to exist between 3.0 — 4.0 W of laser power when scan speed is 5 mm/s, before
resistance increases again by order of 10% above 4.0 W due to burning and damaging of the flexible
substrate, as the red cross indicated. In the low-power regime, the high resistance can be attributed to
the high copper oxide content. At low laser power insufficient material was deposited to be able to form
fully continuous copper sheets, as indicated by a red cross. Figure 3.2c-inset depicts laser settings that
lead to either substrate burning or insufficient material deposition. The limit of laser treatment settings
where substrate damage begins is influenced by the substrate material. A similar trend in the processing
window for direct laser writing was observed when an 808 nm wavelength laser is used; below 1.0 W
laser irradiated areas have insufficient reduction of copper ions and remain non-conductive, and above
4.5 W heating effects from laser irradiating cause damage to the substrate[65]. Here, fiber laser with
1064 nm wavelength shows a slightly lower damage threshold due to its larger heating effect compared
to 808 nm [120]. Asides from laser power, laser scan speed can also alter the properties of as written
structures. Figure 3.2c shows the relation between laser scan speed and sheet resistance from 2.5 to 15
mm/s. At higher laser power, low resistance can be achieved. This work's lowest sheet resistance values
were accomplished at a laser power and travel speed of 3.0 — 3.5 W at 5 mm/s. The sheet resistance
was 0.25 —0.29 /o, which is comparable to that of sintered copper nanoparticles, such as 0.3 2/o done
using intense pulsed light sintering[14], or the 0.17 /o obtained using 808nm wavelength laser[65],
or 0.11 /o achieved through acid assisted thermal sintering [121]. By increasing the laser scan speed
from 5 to 7.5 or 10 mm/s, the high power 4.0 W laser can also be used to fabricate highly conductive
patterns. The results of this work are compared with other similar works in the literature in Figure 3.3a.
It is found that fiber laser deposition power in this work that achieved the lowest sheet resistance is
higher than most other works. This higher deposition power is a result of the low optical absorbance of
copper ions at 1064nm compared to peak absorption near 800nm as indicated in Figure 3.3b. Therefore,
the direct laser writing process also has the potential of offering different control freedom through

altering the absorbance of precursor materials for practical applications. Additionally, the benefits of
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direct laser writing are realized as it is a simple process that works without the need for expensive raw

materials such as pre-fabricated copper nanomaterials.
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Figure 3-3 A) Summary of the lowest sheet resistances of laser deposited copper

patterns via a variety of methods. B) Optical absorbance of 2.0 M Cu?* aqueous solution

The impact of laser defocus on written patterns is also explored in Figure 3.4. Figure 3.4a shows the
relation between defocus distance and sheet resistance for laser writing at 3.5 W scanning at 10 mm/s.
It is observed that the lowest sheet resistance values are achieved at no defocus, with resistance
increasing as defocus increased either into the sample surface (negative defocus) or away from the
sample surface (positive defocus). By defocusing the laser, the spot size increases, resulting in the
laser's energy being spread over a larger surface area. Figures 3.4b-g show optical micrographs of
samples printed at varying defocus distances. The samples with positive defocus values show a
dramatic change in pattern colour, with a change from red-brown to gray, indicating a transition from
high copper content to high copper oxide content at increasing defocus. A corresponding increase in
sheet resistance corroborates this. The negative defocus samples show a similar increase in sheet
resistance, however there is not as much of a noticeable change in pattern colour. Instead, what becomes

apparent is notable gaps between the lines of the laser path. When the gaps become severe, such as in
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the sample fabricated with a defocus of -2mm in Figure 3.4d, the sheet resistance dramatically increases
due to the lack of connectivity between each laser path. This reduction in laser path width is likely a
product of the gaussian energy distribution profile of the laser used in this work. The laser energy
profile is such that the highest energy values are achieved at the center of the beam. When the spot size
is increased, only the area near the center of the spot retains enough laser energy to reduce copper ions.
As such, no material is deposited near the edges of the laser spot, which results in the gaps between the
laser paths. This effect could be minimized by tuning the overlapping of laser footprint when a larger
printed area is investigated in future work.

.
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Figure 3-4 a) Sheet resistance of samples printed at 3.5 W at 10 mm/s with changing

laser defocus. (b - g) Optical micrographs of patterns printed at different defocus

distances.
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Figure 3-5 SEM images of patterns printed at (a,b) 1.0 W at 2.5mm/s, (c, d) 2.0 W at
10mm/s, and (e, f) 4.0 W at 10mm/s

Scanning electron microscopy was used to analyze the microstructure of deposited patterns at a range
of laser power to help understand the change in conductivity with different laser writing parameters.
Three samples correspond to a low, medium, and high laser power pattern. The low-power sample was
printed at 1.0 W at 2.5 mm/s, the medium was at 2.5 W at 10 mm/s, and the high-energy one was printed
at 4.0 W at 10 mm/s. Figure 3.5 shows the SEM images of these samples. In all samples, regardless of

laser energy, the deposited pattern has a porous structure as shown in Figure 3.53, d, e.

The porosity could be attributed to the evaporation of the precursor film during laser-induced
heating[73]. Figure 3.5b shows the low power pattern at high magnification; there is a mixture of round
interconnected nanoparticles, and sharp flat platelets, as marked by arrows. The round particles
correspond to copper nanoparticles, whereas the platelets indicate copper oxide particles, similar to
previous results [62], [65]. The medium power pattern shows a majority of the microstructure being
dominated by round copper nanoparticles, with some dispersion of flat copper oxide platelets, see
Figure 3.5d. In contrast, the high-power pattern illustrates a typical sintered structure without the
presence of copper oxide, as shown in Figure 3.5f. The large smooth features indicate a high degree of
sintering. It is worth noting that in all cases, the size of the copper particles remains consistent regardless
of the laser power, suggesting the fast reduction and in-situ sintering process during writing minimizes

the particle growth. The average copper nanoparticle size, as determined by image analysis, is 250 nm,
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which is much larger than the reported laser-reduced copper nanoparticles with shorter wavelength [65]
but comparable to that from chemical reduction processes [122]. It may suggest that the near infrared

wavelength laser could decompose more reducing agents in a precursor to create an intensive reduction

for particle growth with more heat effect when compared with short wavelength laser irradiation.
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Figure 3-6 (a) XRD plots of DLW samples comparing the content of Copper and
Copper (1) Oxide; (b) Raman plots of DLW samples showing the Carbon D and G band
peaks.

The chemical composition of samples produced at varying laser parameters has been investigated to
help understand the role of laser energy in determining the material properties of deposited patterns.
The state of the carbon present in the sample as a product of the PEG and PVP included in the precursor
copper ion solution has also been analyzed. XRD patterns in Figure 3.6a indicate that at increasing laser
power, the content of the Cu,O phase diminishes, and the metallic copper phase increases. The largest
change in Cu,O occurs between the 1.0 W and the 2.5 W, where a small increase is noted between the
2.5 W and the 4.0 W. It can be seen that by comparing the sheet resistance of the samples used in XRD
analysis (31.7 2/ofor 1.0 W at 2.5 mm/s, 1.5 2/o for 2.5 W at 10 mm/s, and 0.3 /o for 4.0 W at 10

mm/s) to the Cu,O content of each sample, the sheet resistance shows a strong dependence of the
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presence of the Cu.O phase. The decrease in CuO indicates high laser power increases the reduction
of the Cu?*ions. It's also of note that in all cases no trace of a CuO phase was detected; this indicates
that all the copper ions present in the precursor film were at least partially reduced. These results may
help in understanding the reduction mechanism of the copper ions during direct laser writing,
suggesting that during the reduction of the copper ions there is a preference to ensuring that all ions
have been reduced from the Cu?* state before any ions are fully reduced to the metallic state. This
observation may be due to the slightly lower activation energy of reducing Cu?* to Cu'* than reducing
Cu®* to metallic Cu® (0.16 eV to 0.18 eV, respectively) [123]. These results indicate that varying laser
writing parameters is a reliable way to select chemical compositions to alter the electrical properties of

as-written structures.

Figure 3.6b shows the Raman spectra of these three samples showing the Carbon D and G peaks at
1370 cm™ and 1585 cm™ respectively [124]. The ratio of the height of the D peak to G peak is a good
indicator of how structured the carbon in the sample is, as the D band corresponds to defects in a planar
carbon lattice. In contrast, the G band corresponds to the presence of graphite-structured carbon
sheeting. A high D/ G intensity ratio indicates a high concentration of defects obstructing the planar
carbon structure[125]. In all of the samples analyzed, the D band showed a higher intensity than the G
band, indicating that the sample's carbon is very amorphous. A series of peaks from 100 cm™ to 650
cm? are also apparent in the Raman spectra for all samples. These peaks can be attributed to the
presence of the Cu,O phase, which shows five distinctive peaks (three strong peaks at 146 cm?, 216
cm?, and 639 cm™, and two weak peaks at 415 cm™?, and 529 cm™)[126]. Notably, no peaks associated
with the CuO phase (296 cm, and 343 cm™) are present in the Raman spectra for any sample. These

data corroborate with the above discussion on the preference for partial reduction of copper ions.
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Figure 3-7 XPS patterns of Cu samples fabricated with different laser power: (a) O 1s
band, (b) C 1s band, (c) Cu 2p band.

XPS has been used to analyze the chemical composition of the surface of patterns fabricated at differing
laser parameters, as shown in Figure 3.7. In the O1s spectra in Figure 3.7a of the 1.0 W sample a peak
at 529.9 eV is associated with the CuO bond[127]. It slightly shifts to 530.1 eV as the power increases
to 4.0 W, suggesting the partial transformation of CuO to Cu,0O [127]. The peaks at 531.5 eV and 533
eV are ascribed to the C=0 and C-O bonds, which are attributed to the residual PVP and PEG[67]. The
former is from the hydroxyl end groups of the PEG chains, while the latter is the lactam side chain ring
of the decomposed PVP[128] . Notably, the content of Cu,O/CuO decreases from ~21.3 at.% to ~12.9
at.% as the power increases, indicating less of the copper ions are left in the partially reduced state at

higher laser power.

These decomposition products are also visible in the C 1s spectrum in Figure 3.7b, in which the
identified C-O bond at 285.9 eV confirms the presence of non-decomposed PEG. The C=0 bond is
located at 287.9 eV in the 1.0 W and 2.5 W samples. It has lower binding energy than that reported
previously may be due to the coexistence of the C-N bond (~287 eV) from undecomposed PVP[67] .
The C=0 bond then shifts to 288.2 eV as the power increases to 4.0 W, indicating a sufficient
decomposition of PVP at higher power. Formic acid from decomposed PVP is critical for copper
reduction, thereby, a lower content of Cu,O/CuO is identified in this case as we discussed in Figure
3.6a.
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The spectrum of Cu2p in Figure 3.7c agrees well with the above discussion. The peak at 931.9 eV is
associated with Cu/Cu.O, while the peak at around 932.2-934.4 eV can be assigned to the Cu?* species
[69]. Furthermore, the content of Cu?* species in the 4.0 W sample is significantly higher than that in
the 1.0 W and 2.5 W samples, which may be due to the presence of more adsorbed insoluble for example
hydroxides on the sample surface.

3.3.2 Effects of precursor solvent

Copper nitrate precursors were prepared using isopropyl alcohol (IPA) as a solvent, and irradiated in
order to produce copper and copper nitrate based patterns. This was done in order to determine if the
trends observed when using aqueous based precursors are applicable to precursors that use different
solvents, in hopes of providing a more generally applicable model of direct laser writing processes.
IPA was selected as it is safe to handle, inexpensive, easy to procure, and has a low vaporization

temperature[129], meaning the process is likely to be suitable at low processing temperatures.

The IPA based precursor was also designed with the intention of addressing several shortcomings of
aqueous based precursors. Namely the IPA based precursor is fabricated as a thick paste than can be
spread directly onto a substrate and immediately irradiated to produce copper patterns. This eliminates
the need for the intermediate drying step in the aqueous precursors, and thereby expediates the process.
As well the thick paste enables deposition of multiple layers of copper patterns as the paste can be
applied on top of existing copper patterns and irradiated to deposit successive layers. This is not possible
with the aqueous precursor, as applying a successive layer of precursor solution onto an existing copper
pattern results in degradation of the underlying layer. The degradation occurs during the drying step of
the aqueous precursor due to the corrosive nature of the metal salt solution, and the elevated

temperature.

Sheet resistance tests were conducted on copper patterns fabricated using laser writing of alcohol based
precursors in order to determine if the relationship between laser power and material properties that
was established for the aqueous precursors are still applicable to the alcohol based precursor. For the
tests a 75 pum layer of paste was applied to the substrate. The IPA based precursor is applied to the
substrate surface using the doctor blade technique. Heights dams on either side of the substrate are used
to set the thickness of the applied precursor layer. Figure 3.8 shows the sheet resistance results of copper
patterns printed from alcohol-based precursors. The patterns show a very similar trend to the aqueous
precursors, with sheet resistance decreasing as laser power increases. The main difference between the
45



aqueous and paste precursor was that patterns were able to be deposited and achieve low sheet
resistances at lower laser power values than when compared to the aqueous precursor. This can likely
be attributed to the thicker paste layer absorbing more laser energy compared to the agqueous precursors.
Overall the lowest sheet resistance achieved using the paste precursor is similar to that of the aqueous
precursor 0.25 Q/o printed at 3.5 W at 5mm/s for the aqueous precursor, compared to 0.21 Q/a printed
at 2.0 W at 5mm/s for the alcohol precursor. Also the increase in resistivity at the high energy range in
the paste precursor is not attributed to substrate burning, instead at high laser powers the laser begins
to ablate material from the center of the path, and only deposit material near the edge, leading to patterns
with significant gaps. This is likely due to the gaussian energy profile of the laser beam, where high
energy at the center of the beam leads to material ablation, whereas decreasing laser energy near the
edges are suitable for material deposition. Overall this demonstrates that the precursor has only

marginal effect on the direct laser writing process.
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Figure 3-8 Sheet resistance values for copper patterns printed from IPA paste based

precursors. Printed at Laser scan speed of 5mm/s with changing laser power

It was shown that patterns of two or more layers could be deposited by applying successive layers of
paste precursor onto existing copper patterns and applying laser treatment. Several multi layer patterns
are shown in figure 3.9. The thickness of a single layer is limited by the maximum penetration depth of
the laser into the precursor paste. It was found that paste layers greater than 100 um would retain a thin

layer of paste precursor underneath the deposited materials, indicating that the maximum penetration
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depth was roughly 100 um. Applying successive layers of 75 pum ensured there was strong adhesion
between successively deposited layers. Features such as overhangs and bridges were able to be
fabricated. Figure 3.9 b shows a pattern where a square pattern is suspended above the substrate on four

pillars.

Figure 3-9 Multilayer patterns deposited using sequential layers of IPA based paste
precursor. A) A smaller grid placed on top a larger base layer. B). A square bridge

suspended on four pillars

The paste precursor was shown to have a moderately corrosive affect on the underlying patterns. Copper
layers that remained submerged under the paste for extended periods would show notable discoloration.
This can be attributed to the mildly oxidative nature of the metal salt solution [130]. Overall the
resistance of the pattern would be unchanged unless left submerged for periods greater than an hour.

This likely indicates that the degradation only affects near to the surface of the pattern.

3.4 Direct Laser Writing of Different Metallic Patterns

Aqueous precursor solutions of several metals were prepared and treated at a range of laser settings to
determine whether the degree of control over material properties could be extended to other metals with
a range of reduction potentials. Silver, Nickel and Iron were selected as other metals in order to provide
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a broad range of reduction potentials. The Reduction potentials of Copper, Silver, Nickel and Iron are
provided in table 3.2.
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Table 3-2 Reduction potential of various metals

Metal Standard Reduction Potential (V vs SHE)
Ag*+e > Ag +0.8
Cu*+2e > Cu +0.34
Ni? + 2e” - Ni -0.28
Fe?* + 2e - Fe -0.45

All metal samples were prepared similar to the aqueous copper samples. 700 pL of precursor solution

was drop casted onto 33mm? polymer substrates cleaned via oxygen plasma and dried in an oven to

remove excess moisture. Patterns of each material were deposited at a range of laser power settings.

Sheet resistance tests of patterns produced at ranging laser power settings are presented in Figure 3.10.
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Figure 3-10 Sheet resistance values of Silver, Iron, and Nickel patterns deposited using

direct laser writing

The conductivity of all the metals is similar, therefor the large differences in sheet resistance values can

be attributed to varying degrees of oxide content in each pattern. The resistivity of silver patterns
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fabricated using DLW of silver ion precursor films show much lower dependence on laser energy
density than that of copper patterns. Very low resistances were achieved at a much lower applied laser
energy density than copper patterns. As well there was no set of laser settings that deposited high
resistance patterns, indicating that in no case were patterns containing a high content of silver oxide
were deposited. This is likely due in large part to the much more cathodic nature of silver making it
more thermodynamically inclined to form metallic silver over silver oxide when compared to copper
which has several stable oxides[76]. Iron patterns also show a low sensitivity to changing laser power,
with no clear trend between laser power and sheet resistance. In all cases the patterns showed very high
resistivity. This is likely due to the highly anodic reduction potential of iron. PVP is only a moderate
reduction agent [67], and may not be able to fully reduce iron ions regardless of the amount of
incumbent laser energy. Nickel showed the highest sensitivity to laser power, showing a similar trend
to copper samples. As laser energy increased sheet resistance of the copper patterns decreased. Notably
the nickel patterns were unable to achieve sheet resistance values comparable to the silver or copper
patterns. Overall it can be seen that the reduction potential of a metal ion is the largest predictor in its
suitability for direct laser writing. Low reduction potential metals such as silver can readily achieve
conductive metallic patterns. Metals with moderate reduction potentials show a high sensitivity towards
laser energy density and can selectively deposit either metallic or metal oxide patterns. Metals with
high reduction potentials will struggle to deposit metallic patterns. Changing the content of reduction
agents may be able to address these challenges, i.e. reducing the amount of reduction agents in low

reduction potential metals may assist in being able to generate metal oxide patterns.

3.5 Direct Laser Writing of Copper-Nickel Alloys

Copper-Nickel agueous precursor solutions were prepared and treated using laser irradiation at a range
of laser settings in order to determine whether or not direct laser writing is capable of producing metal
alloys. Copper and Nickel were selected as they were both previously in previous chapters to have
success in depositing metal patterns with direct laser writing. As well copper and nickel are known to
have complete solubility with each other[131], and as such could act as a strong test to determine if

direct laser writing is capable of producing homogenous alloys.

Sheet resistance tests were conducted on samples printed from Cu:Ni precursors containing 50:50 and
60:40 volume ratios of Nickel Nitrate and Copper Nitrate, respectively. Table 3.3 details the

constituents of the copper nickel precursor solutions.
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Table 3-3 Contents of the Ni-Cu alloy precursor solutions

Concentration

Volume Ratio

Cu:Ni 50:50 Cu:Ni 40:60
Copper Nitrate (Cu(NOs),) 2M 1.5 1.2
Nickel Nitrate (Ni(NOs)2) 2M 1.5 1.8
PEG, MW 5000 0.1g/ml 1 1
PVP, MW 2400 0.2g/ml 1 1
De-lonized water - 5 5

Similar to previous samples copper nickel precursor solutions were drop cast onto oxygen plasma
cleaned polymer sheets. 700 pl of metal ion precursor was applied per 33mm? of surface area. All sheet
resistance test samples were printed at a scan rate of 5mm/s and the laser power was varied in order to
observe the effect of changing laser energy. Figure 3.11 shows the results of the sheet resistance tests
conducted on the Ni-Cu samples. It can be seen that there is strong similarities to the sheet resistance
tests of the pure copper and nickel samples shown in previous chapters. This provides strong evidence
that the reduction of metal ions through the photoreduction of PVP is uninhibited by the presence of
multiple metal ions. At low laser energy the high resistance can be attributed to the formation of metal
oxides, and as the laser energy increases the resistance drops as more metal phase is deposited. The

lowest sheet resistances for both the 50:50 and 40:60 Cu:Ni samples were achieved at 3.5 W, and were

1.8 Q/o and 2.1 Q/O respectively.
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Figure 3-11 Sheet resistance values of the Ni-Cu patterns printed at 5mm/s laser scan

speed and changing laser power

XRD analysis was conducted on the deposited samples in order to determine whether or not the metallic
copper and nickel phases were deposited as a homogenous alloy. Figure 3.12 shows the XRD spectra
of the copper nickel samples at varying laser powers. The strong presence of a copper-nickel peak in
the 60:40 samples at a 26 value of 44° indicates that most of the metallic phase is deposited as a copper
nickel alloy[132]. This indicates that direct laser writing is capable of producing homogenous alloy
phases from precursors with multiple metal ions. It can also be seen that the copper nickel peak shifts
slightly from 44° in the 60:40 samples, to 43.7° in the 50:50 samples, as shown in Figure 3.12b. This is
a result of the changing lattice parameter in the copper-nickel phase as more of the alloy is made up
copper, which has a slightly larger atomic radius than nickel (128 pm and 123pm respectively). This
indicates that the proportion of metals in the alloy phase is directly impacted by the ratio of metals in

the precursor solution. It can also be seen that in both the 60:40 and 50:50 samples the nickel oxide
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content increases as the laser energy decreases. The concentration of each phase present in the samples
as determined through XRD analysis is detailed in table 3.4. This agrees well with the sheet resistance
tests which predicted a higher oxide content at lower laser energies. It is also worth noting that there is
no presence of a copper oxide phase, even in samples with the lowest laser energies. In fact, as laser
energy decreases the content of the metallic copper phase increases. This is likely a product of the
difference in reduction potentials between the Cu?* and Ni?* ions. Copper has a lower reduction
potential when compared to nickel (-0.34 V and 0.28 V respectively). As laser energy decreases and
incomplete photodegradation of the PVP leads to an insufficient supply of electrons to fully reduce all
the of the metal ions present the copper ions are preferentially reduced before the nickel ions, meaning
that it is only the nickel ions that are left without sufficient amounts of electrons and are then deposited
as oxides. The alloying composition of the Nickel copper phase present in each sample is unaffected
by the laser energy, as can be seen that the position Cu-Ni peak at 44° and 43.7°in the 40:60 and 50:50
samples respectively, is unaffected by laser energy, as can be seen in figure 3.12b. This is of note due
to the fact that in the low laser energy cases a significant portion of the metallic copper phase is present.
Since copper and nickel have unlimited solubility the fact that the metallic copper phase is retained
separate from the alloy phase is worth noting. This may be able to be attributed to the very rapid
synthesis process of direct laser writing. In regions where the nickel is only partially reduced the nearby
fully reduced copper does not have enough time to diffuse towards regions with fully reduced nickel to

join the alloying phase, and are instead deposited as metallic copper along side nickel oxide.
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Figure 3-12 A) XRD Spectra of Ni-Cu patterns printed at changing laser settings B)
Close up of the Ni-Cu peak near to 44°
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Table 3-4 Weight percent of various metal and metal oxide phases in the Ni-Cu samples

printed at changing laser settings

60:40 50:50
Phase
25W 3.0W 3.5W 25W 3.0W 35W
Cu-Ni 68 76 92 64 79 95
Cu 11 8 1 9 5 1
Ni - 1 1 1 2 1
NiO 21 15 6 26 14 3
Cu,0 - - - - - -

Figure 3.13 shows SEM images of the microstructure of the 60:40 Ni:Cu sample printed at 2.5 W and

5mm/s laser settings. It can be seen that the microstructure is very similar to that of the pure copper

metal. The microstructure is a highly porous network of interconnected nanoparticles. The

nanoparticles are predominantly round and spherical, with a small dispersion of rough flakey particles.

The round nanoparticles correspond to the metallic phases whereas the flakey particles are the NiO

phase[132]. This agrees well with the XRD analysis indicating a small but notable oxide content.

Figure 3-13 SEM images of Ni-Cu pattern at A) Low magnification B) High

Magnification
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EDAX mapping was done concurrently with SEM imaging to obtain a better representation of the
dispersion of the elements within the sample. EDAX measurements were taken at an excitation voltage
of 20 kV, and the energy resolution of the scans was 130 eV. A large area scan of the sample indicated
that the sample had an atomic concentration ratio of 61% Nickel, and 39% copper. This agrees well
with the ratio in the precursor solution of 60% Nickel and 40% copper. Figure 3.14 shows the EDAX
concentration maps of Oxygen, Copper, and Nickel alongside the SEM secondary electron image of
the region. It can be seen in figure 3.14b,c that the copper and nickel are predominantly uniform through
the sample. However, there are some regions where a slightly higher concentration of nickel
corresponds to a lower concentration of copper. This indicates that there is likely some fluctuation in
elemental concentration within the deposited patterns. EDAX point analysis were conducted at regions
identified as having non uniform metal concentrations, as shown in figure 3.15. It can be seen that the
area that corresponds to higher nickel concentration also shows the rough flakey texture, and a higher
than normal oxygen concentration. The changing atomic concentrations are outlined in table 3.5 This
indicates that the regions of high nickel concentration are likely regions where nickel oxide is present.
As well it can be seen that the area of higher copper concentration also corresponds to lower oxygen
content. This indicates that the regions of higher copper content are likely regions where the pure
metallic copper phase is present. These results agree well with the XRD analysis that indicates that the
alloy phase is very homogenous, with its concentration largely predetermined by the concentration of
the metal ions in the precursor, and variations in elemental dispersion likely being due to the inclusion

of nickel oxide and metallic copper.
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Figure 3-14 In-Situ EDAX measurements of atomic concentrations. A) SEM secondary

electron image B). Copper atomic content C). Ni atomic Content. D) Oxygen content
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Figure 3-15 EDAX Point measurements of select areas on the Ni-Cu sheet

Table 3-5 Changing atomic concentrations in Ni-Cu alloys at different regions by use of

EDAX elemental mapping

Atomic %
Region
Cu Ni o]
Bulk 36 55 7
Select Area 1 56 36 2
Select Area 2 22 66 11
3.6 Summary

In summary direct laser writing was demonstrated successfully using a near infrared laser. Furthermore
the characterization of copper patterns deposited using direct laser writing demonstrate a strong
correlation between laser energy and chemical properties. It was shown that the photodegradation of
the PVP in the precursor is largely responsible for chemical state of the deposited materials. It was
shown that the aqueous precursor solvent could be substituted with IPA with minimal impact on the
photodegradation of PVP. By using an alternative, alcohol-based precursor that was formed as a thick

paste multi-layer patterns could be successfully deposited.
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Direct laser writing of other metals was also demonstrated. It was shown that the reduction potential of
a metal ion is a key factor in its suitability for direct laser writing. Metals with highly anodic reduction
potential were not sensitive to changing laser conditions, and mostly deposited as oxides. Metals with
intermediate reduction potentials showed a high sensitivity to changing laser settings. They could be
selectively deposited as either metals or metal oxide by choosing appropriate laser settings. Metals with
highly cathodic reduction potentials were tolerant to changing laser settings, and mostly deposited as

metals.

Direct Laser writing of alloys was also demonstrated through the writing of Cu-Ni patterns. It was
shown that alloy composition was largely homogenous and dependent on the composition of the
precursor solution. The alloy patterns were shown to be highly sensitive to changing laser settings. At
low laser settings atomic segregation became notable as the amount of the alloy phase decreased and
separate metal and metal oxide phases increased. The composition of the alloy phase remained

constant under changing laser settings.
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Chapter 4

Direct Laser Writing of Memristors

4.1 Introduction

In this chapter several memristor devices fabricated through direct laser writing are presented and the
resistive switching response of the devices are characterized. The impact of laser settings and device
geometry on resistive switching is studied.

4.2 Planar Memristor

4.2.1 Properties of Planar Structure

Planar memristor patterns were printed onto polycarbonate sheets coated with aqueous copper precursor
where a copper oxide rich region was printed between copper electrodes. For an initial prototype
interdigital electrode pattern demonstrated in Figure 4.1a, was designed in order to maximize surface
area between the Cu and Cu-0 regions. In this device both electrodes are metallic copper and the active

layer is Cu20. Cu.O has been previously shown to exhibit resistive switching effects through

conductive filament formation [87].
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Figure 4-1 (a) An image of interdigital electrode pattern. (b) Current — Voltage loops of
the devices with varying laser parameter settings for the Cu20O rich regions, and (c)
varying widths of the Cu20 region. (d) A schematic of the filament formation in the
Cu20 rich region.

All interdigital electrode patterns were printed in a single step to form integrated flexible planar
Cu/Cu,0O/Cu structures, with separate laser settings used to print the copper rich conducting electrodes,
and the Cu0 rich inter-electrode regions. In all cases the laser settings used to print the conducting
electrodes were constant, 3.5 W at 5 mm/s. The laser parameters used to print the inter-electrode regions
were varied to observe the effect of changing Cu/Cu,O content on the memristive characteristics. Three
different laser settings (1.5 W at 2.5mm/s, 1.5 W at 5mm/s, and 1.0 W at 2.5mm/s) for the interelectrode
regions were used to control the composition. After the writing of the interdigital patterns and
subsequent removal of untreated precursor, an initial forming current is passed through the pattern. This
forming step is necessary to determine the polarity of the device as the electrodes on either side of the
oxide region are the same material, which means that the device has no inherent polarity. During the

initial forming, the bulk of the conductive filament is formed in the orientation of the applied electrical
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bias[62]. Once the conducting filament has been formed, applying subsequent electrical biases in the
same orientation as the initial forming bias will support the migration of oxygen vacancies and copper
defects to conducting filament. Applying an electrical bias in the opposite orientation will cause the
migration away from the filament, eventually causing the filament to rupture [93]. Devices formed

using either a positive or negative bias showed no notable differences in switching behavior.

After writing and forming the devices, all tests were run as a voltage sweep from 0 — +1V—-
1V—0, the current compliance in the test was 100 YA. Figure 4.1b show the current - voltage (I-V)
curves for the interdigital electrode patterns with varying laser settings for the Cu,O rich region. The I-
V curve changes dramatically in response to changing laser settings. When a direct voltage sweep was
applied from 0 — 1 V to 0 V an increase in the current occurs at ~ 0.75 V for 1.5 W at 2.5mm/s and
1.5W at 5mm/s samples. The drop in resistance at this point marks the transition from the high
resistance state (HRS) to the low resistance state (LRS) and is indicative of the successful formation of
a conductive filament through the copper oxide region. When the voltage is swept from 0 V to -1 V and
back to 0 V, a decrease in current is observed at ~ - 0.7 V. This indicates the device had been reset to
its initial high resistance state, which corresponds to the rupturing of the conductive filament. In the
sample fabricated at laser parameters of 1.0 W at 2.5mm/s the current ratio between the LRS and the
HRS is less than 2, with no clearly defined distinction between the high resistance and low resistance
states. At the 1.5 W at 2.5mm/s laser parameters the LRS/HRS current ratio is of 10%. At the 1.5 W at

5mm/s laser parameters, the LRS/HRS current ratio was increased to 102,

4.2.2 Switching Mechanisms

When the devices switch between the HRS and LRS not only does the overall resistance of the
device change, but the type of conduction in the device also changes. Figure 4.2 shows the change in
the nature of the conduction between the LRS and HRS of a device printed at 1.5 W at 5mm/s. In the
HRS as the voltage increases from 0.1 V to 0.5 V the current increases non-linearly, whereas in the
LRS across the same voltage range the current increases linearly. The nonlinear conduction is indicative
that in the HRS the device is conduction limited by a Schottky Barrier [133]. The Schottky barrier is
present as in the absence of a conductive filament the current trough the device must cross from a
conductor (the copper electrode) to a semiconductor (the copper oxide region). The linear conduction
in the LRS is indicative that the device is experiencing Ohmic conduction, which confirms the that the

conductive filament has formed from metallic copper.
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The setting and resetting voltage of the device being 0.7V is a large benefit to the potential of the device
in computing applications. There is a balance to be struck in ideal setting/resetting voltages. Setting
voltages that are too high (e.g. in excess of 10V) will require high amounts of applied energy to switch
the state of the device, this is not ideal for computing applications where reduction in energy
consumption is the objective [5]. Setting voltages that are too low indicate instability of the LRS state,
as the setting voltage is directly linked to the energy required to overcome the barrier to migration of
the ions within the electrolyte[107]. A minimum energy barrier is required to prevent the ions from

dissolving back into the bulk oxide immediately after being formed [80].
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Figure 4-2 1-V curve of planar Cu/Cu20/Cu memristor pattern fabricated from direct

laser writing. Inserts show the change in conductivity between the HRS and LRS.

In most cases of resistive switching in transition metals the active layer between the electrodes is on
the order of nanometers as observed in literatures [98], [101], [119]. In the fabricated devices of this
study the active layer is on the order of millimeters. It is likely that the presence of metallic copper in
the Cu0 region allows for easier filament growth by acting as intermediate electrodes for the filament
to grow in a stepwise fashion linking the interspersed copper particles as indicated in Figure 4.1. To
observe the effect of macroscopic electrode distance on the resistive switching effects interdigital

electrodes were fabricated with Cu,O interdigital regions ranging in distance from 0.1 — 0.3mm. For all
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samples the Cu,O region were deposited at the same laser settings of 1.5 W at 2.5mm s™. The I-V loop

characteristics are presented in Figure 4.1c. Regardless of electrode gap spacing all samples showed
the transition between the LRS and HRS at ~ 0.7V.

4.2.3 Stability of As-Written Planar Memristor
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Figure 4-3 (a) Current-Voltage response of devices immediately after fabrication and

after 300 days in storage. (b) Switching behaviour of a devices fabricated with a 1.5 W
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This as-written device shows a high degree of stability over time. Figure 4.3a compares the I-V
response of devices tested immediately after fabrication, to the same devices tested after 300 days of
storage in air. Devices were stored in a non-climate-controlled setting and were allowed to experience
changes in ambient temperature and humidity. It can be seen that the resistive switching effect is
preserved, with no obvious differences in the |-V response of the devices after 300 days. Effect of
bending on memristive properties has also been investigated. A device fabricated using 1.5 W and 5
mm/s laser settings was tested under a series of bending conditions. Bending of the device was induced
by compressing the flexible substrate laterally and allowing the device to flex either upwards or
downwards. Bending intensity was measured as the change in sample width. At the most severe bending
case the bending radius of the device was measured at 5mm. Figure 4.3b shows the effect of bending
radius on the memristive response of devices. All bend tests were conducted at 22 °C and a relative
humidity of 30%. The memristive response is stable across a wide range of applied bending from
upwards or downwards. Downward bending tended to induce slightly higher increases in the resistivity
of the device's LRS and HRS. This may be due to the tensile stresses incurred during downward bending
being more prone to create cracks in the brittle copper oxide rich region, than the compressive stresses
incurred during upward bending. Endurance tests with similar method reported in[80] were conducted
on several devices, where the devices were subjected to 100 successive 0 — +1V—-1V—0 cycles.
Figure 4.3c indicates that the resistance of the LRS and HRS remained constant in all devices across
all the cycles. The setting and resetting voltages showed a high degree of variance during the test,
typically ranging from |0.6| V to |0.8|V. However, no clear trend in setting or resetting voltages indicated
that setting and resetting behaviour was also consistent across the test. The ability to retain different
non-volatile resistance states of devices over time has been demonstrated in Figure 4.3d. A device
fabricated at 1.5 W at 5Smm/s laser settings was set to either the HRS or LRS and then subsequently 0.1
V pulses were applied once every ten seconds to measure the resistance of the device. Both the LRS
and HRS of the device showed stability in resistivity over time, indicating that the devices can retain

the different resistance states without the need for a constant external energy supply.

The temperature sensitivity of the device was also investigated. The current-voltage response of a
device fabricated using 1.5 W at 5mm/s laser settings was measured at a range of temperatures from
room temperature up to 100°C. The I-V response of the device at elevated temperatures is demonstrated
in figure 4.4. The as fabricated device was shown to have significant sensitivity to temperature with the

I-V response of the device changing noticeably at temperatures as low as 40°C. The conductivity of the
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LRS drops at increasing temperatures, which can likely be attribute to the metallic nature of the
conductive filament, as most metals show an increase in resistance at increasing temperature. Device
behaviour becomes unstable above 80°C, and at 100°C practically no resistive switching effect is
retained. The detrimental effects of temperature on the device were shown to be non-permanent, as
after the device was allowed to return to room temperature the resistive switching behaviour of the
device returned. However, it is worth noting that after heating the device required a reapplication of the
electroforming step. This indicates that elevated thermal energy likely interferes with the conductive
filament formation process, which has been noted in other works[80]. As well, it indicates that elevated
temperature treatment may be a viable way to return devices to an initial un formed state, which may

provide a strategy for fixing devices that show hard setting defects during electroforming.
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Figure 4-4 Changing I-V curves of a planar Cu/Cu20/Cu device fabricated at laser

settings of 1.5W at 5mm/s when tested at elevated temperatures.
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4.2.4 Rational Design of Planar Memristor

After the successful demonstration of using direct laser writing to fabricate flexible memristor devices
in a rapid manner with inexpensive raw materials additional efforts where made to refine the design of
the planar memristor devices. Several iterative designs of planar memristor patterns are outlined below.
All designs retained the basic structure of a Cu/Cu,O/Cu planar pattern, but focused on reducing the
size of the components. The resistive switching effect is retained in devices that are much smaller than
the initial interdigital design. Several different patterns showed the ability to demonstrate resistive
switching. The first pattern, called colinear uses a single laser path that varies the laser power across its
length in order to deposit a copper oxide region between two metallic copper ends. The second pattern,
called parallel, uses multiple laser passes to deposit a layer of copper oxide between two metallic copper
layers. Figure 4.5 shows examples of the colinear and parallel memristor patterns along with I-V
responses of several devices printed using each pattern.
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Figure 4-5 A) optical micrograph of colinear planar memristor pattern. B) I-V
hysteresis response of colinear memristor patterns printed at changing laser settings. C)
Optical micrograph of parallel planar memristor pattern. D) I-V hysteresis response of
parallel memristor patterns with a fixed electrode distance of 0.1 mm and printed at

changing laser settings

In all the colinear samples the laser power used to print the outside terminals of the patterns was 3.5 W
at 10mm/s for all samples. The width of the copper oxide region was maintained at 0.2 mm in all
samples. Samples printed using 1.0 W at 5mm/s , 1.5 w at 5mm/s, and 1.5 W at 2.5 mm/s laser settings
for the copper oxide region were fabricated. Similar to the interdigital pattern the devices required a
forming step in order to determine device polarity. The impact of laser settings on I-V hysteresis was

very similar to the interdigital pattern. All devices displayed setting and resetting behaviour near to +/-
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0.5V, indicating that the applied bias needed to form a conductive filament in the colinear patterns was
similar to that in the interdigital patterns. In the sample printed at 1.0 W at 5mm/s the ratio of HRS/LRS
was 50. In the 1.5 W at 5 mm/s sample the ratio of HRS/LRS was 10. In the 1.5 W at 2.5mm/s sample
the ratio of HRS/LRS reduced to 5. This shows a trend in increasing ratio in HRS/LRS as the energy

density used to print the copper oxide region decreases.

In the parallel memristor patterns the laser power used to print the metallic copper was 3.5 W at 10
mm/s for all samples. Several different copper oxide region spacings were printed, however the samples
showed the most consistent behaviour at a copper oxide spacing of 0.1mm. The I-V plots shown in
Figure 4.5d all have copper oxide region spacings of 0.1mm. Samples printed using 1.0 W at 5mm/s ,
1.5 w at 5mm/s, and 1.5 W at 2.5 mm/s laser settings for the copper oxide region were fabricated.
Similar to the interdigital and colinear patterns the devices required a forming step in order to determine
device polarity. All devices showed setting and resetting behaviour near to +/-0.5 V. In the sample
printed at 1.5 W at 2.5 mm/s the ratio of HRS/LRS is 20. In the 1.0 W at 5mm/s and 1.5 W at 5mm/s
samples the HRS/LRS ratios were determined to be close to 5.

Overall this indicates that the laser settings used to print the copper oxide region had a much larger
effect on overall device resistance than the device geometry, indicating that direct laser writing has the

potential to be a versatile method of producing a variety of planar memristor designs.

4.3 Fabrication of 3D Memristors

3D memristor patterns were deposited using direct laser writing of successive layers of alcohol based
copper precursor pastes. Cu/Cu,O/Cu memristor devices were fabricated from two layer patterns. The
applied paste for both layers was set to 75 um with the use of height setting shims. Both layers were
printed at a laser setting of 3 W at 20mm/s. After the base layer was deposited the second layer of paste
was allowed to sit on top the deposited pattern for 20minutes prior to laser treatment. This was done in
order to have the acidic nature of the paste passively form a thin layer of copper oxide on the base layer

through chemical corrosion.
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Figure 4-6 A). Optical Micrograph of 3D memristor device. B) 1-V hysteresis response
of 3D memristor device

The device showed bipolar memristor behaviour when tested under +/- 1V voltage sweeps. Figure 4.6
shows the 1-V response of the device. The memristor response of the device is very similar to that of
the planar patterns. Setting and resetting occurred near to +/-0.7 V, as well the conduction in the HRS
is shown to be non-linear, and the conduction in the LRS is linear. This indicates that the filament
formation mechanism in the 3D patterns is very similar to that in the planar patterns.

Subsequent 3D memristors were fabricated using 3 layer patterns. The applied paste for all three layers
was set to 75 um. The top and bottom layers were printed at laser settings of 3 W at 10mm/s, and the
middle layer was printed at laser settings of 1 W at 10mm/s. This was done in order to create a thick
Cu,O layer between the top and bottom electrode. Figure 4.7 shows the 3 layer device and
corresponding I-V response. The I-V response of the device differs dramatically from the previously
fabricated devices. The device exhibited unipolar switching, being able to be set regardless of the
polarity of the applied voltage bias The device shows a dramatically increased HRS/LRS. The HRS of
the device is 500 MQ and the LRS of the device is 5 KQ. The LRS of the device was also very unstable,
as soon as the applied current dropped below 0.25 V the device would reset to the HRS. While the
mechanism contributing to this dramatic change in I-V response is not yet fully understood it provides

70



an illustrative example of the diverse memristor devices that could be fabricated using direct laser
writing. This demonstrates that the 1-V response of memristor devices fabricated using direct laser

writing can be altered by using multi layer memristor patterns.
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Figure 4-7 A) Optical micrograph of three layer 3D memristor pattern. B) I-V
hysteresis response of the three layer 3D memristor device

It was also shown that memristor devices could be fabricated using laser brazing of copper wires with
the copper precursor paste as the joining material. A small volume of alcohol based precursor paste
would be applied between wires and laser irradiation is used to treat the paste to form a solid joint.
Figure 4.8 shows 2 copper wires joined using copper precursor paste. The mechanical properties of the
joint where very poor as low laser energy was used in order to encourage a joint with high copper oxide
content. The I-V response of a copper wire joint formed at a laser setting of 1.5 W at 10mm/s is shown
in figure 4.8. The memristive response of the joint shows high similarity to the memristor devices
formed from planar and 3D direct laser written patterns, indicating that the filament formation that
occurs in the sample with direct laser written electrodes is maintained when using the wires as

electrodes. This may be a facile and low cost method of producing memristors using direct laser writing.
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Figure 4-8 A,B) Optical micrographs of brazed copper wire memristor devices before
and after laser irradiation. C) I-V Hysteresis response of wire-wire brazed memristor

devices.

4.4 Summary

Direct laser writing was shown to be a facile and versatile method of fabricating memristor devices.
Planar Cu/Cu,O/Cu patterns were fabricated that demonstrated bipolar resistive switching at +/- 0.7
V. The transition from non-linear conduction in the HRS to ohmic conduction in the LRS indicates
that conductive filament formation was responsible for the resistive switching effect. The resistivity
of the devices in the HRS and LRS showed a high sensitivity to changing laser setting used to print
the copper oxide regions of the device. Several different planar patterns were printed, it was shown
that device geometry and size has minimal impact on the device performance. Patterns were shown to
be stable over long periods of time and a range of bending states. 3D memristor patterns were also
fabricated. It was shown that the switching effect demonstrated in the planar patterns was retained in

the 3d patterns.
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Chapter 5

Direct Laser Writing of Logic Structures with Memristors

5.1 Introduction

In this chapter several prototype logic structures are fabricated using direct laser writing. Planar
Boolean logic gates are fabricated, and their signal processing characteristics are analyzed. Memristor
cross bar arrays are fabricated and characterized. The effect of electrode material on memristor array
performance and consistency is discussed.

5.2 Boolean Logic Gates

5.2.1 Fabrication of Logic Gates

Memristor based “And” and “Or” gates were fabricated from planar patterns of direct laser deposited
copper and copper oxide from aqueous precursors. Parallel lines of copper and copper oxide were
deposited at laser settings of 3.5 W at 10mm/s and 1.5 W at 5mm/s respectively. A UV laser was then
used to selectively ablate copper material and leave patterns of two parallel memristor devices
connected at one end through a copper region. The Fabrication procedure is outlined in Figure 5.1a, the
fabricated memristor logic gates are displayed in Figure 5.1b. The fabrication of “And” and “Or” gates
are nearly identical. The only difference is during the electroforming step where the polarity of the
devices was set such the memristor devices were oriented towards or away from each other, in order to

achieve either an “And” or “Or” gate.
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Figure 5-1 A) Schematic of memristor logic gate fabrication. B) Optical Micrograph of
fabricated memristor logic gates. C) I-V hysteresis response of the memristor pair in
the logic “Or” gate. D) Signal Processing delay of the logic “Or” gate. E) I-V hysteresis
response of the memristor pair in the logic “And” gate. F) Signal Processing delay of

the logic “And” gate

5.2.2 Logic “Or” Gate

The I-V response of the two memristors that comprised an “Or” gate device were characterized. Figure
5.1c shows the I-V hysteresis of both memristors in the device, it can be seen that the response of both
devices is very similar. In device A the low and high resistance states are measured at 14 Q and 130 Q
respectively. In device B the low and high resistance states are measured at 11 Q and 100 Q
respectively. In both cases the ratio of HRS/LRS is about 10. The dynamic response of the or gate was
measured. The voltage input at the B terminal was maintained at zero, and a square wave input signal
was applied at the A terminal. The voltage potential at the copper region linking memristors A and B
was read as the output voltage. The input signal had an amplitude of 1V and a period of 1E-6 seconds.
This is done to simulate switching between the case where both inputs are zero, and the case where one

input is zero and the other is one (where the device should output a value close to 1)

The time resolution of the test was 15 nanoseconds. Figure 5.1d shows the dynamic response of the or
gate to the periodic input signal. The gate would take on average 350 ns to produce a stable output
signal. The output signal of the gate was on average 0.91 V. This correlates to a signal degradation of
9% across the gate. Signal degradation is calculated as the difference between the input signal and

output signal, divided by the input signal.

) AV
Signal Deg = V—.x 100

mn

5.2.3 Logic “And” Gate

An “And” gate device was fabricated and the I-V response of the two memristors were characterized.
Figure 5.1e shows the shows the I-V hysteresis response of both memristors in the device. In both
devices the ratio of HRS/LRS is roughly 5. The dynamic response of the “And” gate as measured. The
voltage input at the B terminal was maintained at 1V and a square wave input signal was applied at the

A terminal. The input signal had an amplitude of 1V and a period of 1E-6 seconds. This is done to
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simulate a switching between the case where both inputs are one (where the device should output a
signal of one) and the case where one input is positive and the other is zero (where the device should
output a signal of zero). The case where both inputs is zero is trivial, with no applied input there cannot
be any output.

The gate would take on average 300 ns to produce a stable output signal, as shown in Figure 5.1f. The
gate also showed a leak signal of about 0.2 V, this can be attributed to the low difference between the
high and low resistance states. As discussed earlier the ability to produce a useable signal from a

memristor based logic gate relies on a large difference between the high and low resistance state [112].

5.2.4 Logic “Control” Gate

A third control gate was fabricated similar to the “And” and “Or” gates. In this design the memristors
in the device were set so that they had opposite polarities to each other. In this case any input signal
will experience the first memristor prior to the output node in the low resistance state, as it travelling
in the polarity that will set the device. It will then experience the second memristor just after the output
node also in the low resistance state, as it is travelling in the polarity that will set the device. In essence
in this device the memristors should show no difference in resistivity, the result being that the voltage
drop across each memristor is identical, and therefor the output voltage should be half the input voltage.
The memristor devices used in the control gate both showed similar I-V responses, with an HRS/LRS
ratio of 10. In the control scenario the ratio between HRS and LRS will not affect the output as both
devices will be set to the LRS The dynamic response of the control gate was measured. The voltage
input at the B terminal was maintained at 0V and a square wave input signal was applied at the A
terminal. As expected the device had an output near to 0.5 V when an input signal was applied. This
confirms that the signal processing that fabricated devices are exhibiting is a product of the memristive

switching within the two terminals of the device.
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the memristor pair in the logic control gate. C) Signal Processing of logic Control Gate

5.3 Crossbar Logic Structure

5.3.1 Cu/Cu0O/Cu Crossbar Arrays

Several cross bar arrays were fabricated using direct laser writing of metal salt solutions using a range
of precursors and laser settings. The effect of electrode material and laser settings on |-V response,

device retention, and device consistency were observed.

A 10 x 10 cross bar array of Cu/Cu,O/Cu memristors was fabricated using alcohol-based copper
precursors. The patterns were printed in a two layer configuration, the applied paste for both layers was
set to 75 um with the use of height setting shims. Both layers were printed at a laser setting of 3.5W at
10mm/s. After the base layer was deposited the second layer of paste was allowed to sit on top the
deposited pattern for 20minutes prior to laser treatment. Of the 100 fabricated nodes one third were
sampled at random to establish device consistency. Of the 33 sampled nodes 12 displayed a consistent
resistive switching response. The samples that did show resistive switching had consistent setting and
resetting behaviour. All samples displayed bipolar switching behaviour with set and reset voltages
occurring between 0.4 — 0.6 V. A high degree of variance in the high and low resistance states of the
nodes can be observed. In most cases the ratio of HRS/LRS is roughly 10, with the LRS exhibiting a
resistance between 40 — 100 Q and the HRS exhibiting a resistance between 500 — 1000 Q. However,
several nodes demonstrated much higher HRS and LRS values, on the order of 100 times that of the
rest of the functional nodes. This indicates that further work is needed to improve the reliability and

consistency of fabricating cross bar arrays using Cu/Cu.O/Cu patterns.

7



1E-4 4

|Current| (1)

AT T 5 I S
= -1.0 -0.5 0.0 05 1.0
Voltage
~ i > -
2.0

1200 d S -

C — — — — resetting 16— R3

— — — — setting e R4 o
1000 - '\ a o
Initial Forming Pulse ’ B -

C 800+ o8 . ' . ' ‘
Py 0 20 40 60 80 100
2 Time (minutes)
[v]
% 600 'y 600 ] R1 - =
g - Sl - - g 500 R2 o o
© . | -
400 - 8 400 R3__ _——— —
Sa0] R4 ——
- 2 R5 -
™~ - @ 200 —
L ] ey Q
200 = e @ 100 ] -
T T T T T O T T T T T
0 5 10 15 20 0 20 40 60 80 100
Pulse Number Time (minutes)

Figure 5-3 A) Optical Micrograph of Cu/Cu20/Cu memristor array. B) 1-V hysteresis
responses of the successful nodes in the array. C). Read Write test results of
Cu/Cu20/Cu memristor showing multiple programmable resistance states. D) Non-
volatile retention of the multiple resistance states of a Cu/Cu20O/Cu device

The devices fabricated in the array successfully showed the ability to be programmed to multiple
intermediate resistance states between the HRS and LRS through the use of “read-write” tests. A “read-
write” tests refers to a method of measuring the dynamic response of a memristor device. It is comprised
of a sequence of short pulses intended to incrementally change the resistance of the device. A schematic
of a typical “read-write” test is shown in Figure 5.4 Writing pulses refer to voltage pulses with
amplitudes equal to or greater than the setting/resetting voltage of the device, these are intended to

affect a change in overall device resistance. They are analogous to changing or writing new data into a
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memory unit, hence the term writing pulse. Reading pulses refer to voltage pulses with amplitudes
significantly less than the setting/resetting voltage of the device. They are intended to measure the
resistance of the device without affecting a change in the resistance state. They are analogous to reading

the information stored in a memory unit, hence the term reading pulse.
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Figure 5-4 A) Schematic diagram of read-write pulse test schedule B). Typical I-V
hysteresis of a bipolar memristor, with suitable voltage amplitudes for read write test

pulses highlighted

Writing pulses of +/1 V for 100ns were used to incrementally set and reset the resistances of the device.
Sequences of 5 setting pulses followed by 5 resetting pulses were used to observe the ability to select
for multiple resistance states. The incremental setting and resetting behaviour of the device was very
consistent. The first setting or resetting pulse in the sequence would affect the greatest change in overall
device resistance, and subsequent pulses of the same orientation would affect incremental changes.
Typically, the first pulse in a sequence would affect a change in resistance of about 300 - 400 Q, and
subsequent pulses would affect changes of about 25 Q. This indicates that the bulk of the conductive
filament formation / disruption is occurring in the first pulse. This rapid programming time can likely
be attributed to the low energy barrier to cation migration seen in copper oxides [96], allowing for rapid
movement of coper ions to form the conductive filament. The sintered nanoparticle microstructure may

also contribute to the rapid response time of the device. The nanostructured microstructure provides an
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abundance of grain boundaries, which are areas of low atomic packing density [134]. These provide

pathways where the energy barrier to ion migration is further reduced, allowing high ion mobility.

The retention of the multiple resistance states was measured in order to observe the volatility of the
multiple resistance states. The device would be set to a resistance state through incremental pulses and
then a read pulse would be applied once every ten minutes to monitor the change in resistance over
time. Five resistance states, ranging from 100 Q to 600 Q were set and tested. The results of the memory
retention tests are shown in figure 5.3, it can be seen that overall the device showed a high degree of
retention of the different memory states. Overall as the resistance state increased the more stable the
device performed. This can be attributed to the conductive filament, which contributes to the lower
resistance state, being unstable and degrading over time. Overall this demonstrates that memristor

devices fabricated from direct laser writing having the potential to act as non-volatile memory.

5.3.2 Ag/Cu0O/Cu Crossbar Arrays

The effect of electrode material on the consistency of the nodes in the cross bar array was analyzed by
fabricating a subsequent array with a silver base layer. The filament formation in coper oxide is shown
to be cation controlled, as evidenced by the ohmic conduction of the LRS. As a result the electrode
material is known to have significant impacts on filament formation through affecting the oxidation
and reduction processes that occur at the electrode surface during filament formation [90]. The
electrodes can directly participate in filament formation by acting as a charge carrier path in the metal
ion redox reaction [90]. If there is a low charge carrier migration rate then a depletion of charge near
the anode can inhibit formation of the conductive filament [90]. The vacancy formation energy (i.e. the
energy required to extract oxygen atoms from the electrode) is also a key component of electrode
performance, as it is necessary to generate oxygen atoms at the electrode-oxide interface to support the
redox reactions of metal ions in the conductive filament [90]. Silver is a popular choice as electrode
material in memristor devices due to its low vacancy formation energy [76]. As such a subsequent cross
bar array was fabricated using a silver base layer in order to improve the consistency and performance

of the cross bar arrays.
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A 20 x 5 cross bar array of Ag/Cu,O/Cu memristors was fabricated using direct laser writing of aqueous
silver precursor as a base layer, and an alcohol based copper precursor for the second layer, as shown
in Figure 5.5a. The silver layer was printed at a laser setting of 3.5 W at 5mm/s. The thickness of the
copper layer was set to 100 pum, and the copper was deposited at a laser setting of 2 W at 10mm/s. Of
the 100 nodes 25 were randomly selected for testing and 18 demonstrated a consistent resistive
switching response. Of the nodes that did fail they typically showed one of two main types of defects,
shown in figure 5.5c. Most of the nodes that failed exhibited hard setting behaviour, i.e. the device
would be permanently set to the low resistance state during the electroforming step and fail to reset to
the high resistance state. Several nodes also exhibited successful resistive switching for several cycles
before being permanently set to the high resistance state. This may be attributed to premature disruption
of the conductive filament due to joule heating of the filament [101]. Once the conductive filament is
formed the vast majority of the current flowing through the device flows through the conductive
filament, as electricity will naturally take the path of least resistance. Since the width of the filament is
typically 10 of nanometers in scale, even low currents can lead to high current densities within the
filament and high joule heating, which can lead to premature burn out of the filament [101]. To address
this issue a current compliance limit of 10 uA was set for most of the 1-V characterization tests of the
devices in the array. Once the compliance limit was instituted the instances of premature filament
disruption stopped. This indicates that the stability of the devices fabricated in this array have a high

sensitivity to current density.
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Histogram distributions of Vset, Vreset, HRS and LRS of memristors within the
Ag/Cu2/Cu array. E) Read Write test results of Ag/Cu20/Cu memristor device showing
multiple programmable resistance states. F) Histogram distribution of the resistance
change in response to resetting pulses. G) Histogram distribution of the resistance

change in response to setting pulses

All of the nodes tested displayed consistent bipolar switching behaviour. There was highly consistent
switching behaviour across all tested nodes, shown in figure 5.5b. Typical setting and resetting voltage
occurring at +/- 0.6 V. The resistivity of the low resistance state was also highly consistent across all
the nodes, with the average resistivity being 125 Q. The resistance of the high resistance state varied
more significantly. Most devices demonstrated a resistance of approximately 8000 Q — 20000 Q, with
some devices showing resistance as low as 500 Q or as high as 100000 Q. This may be able to be
attributed to semi-hard setting of the devices during electroforming. Semi hard setting is a defect very
similar to hard setting, varying only in that some degree of resistive switching is maintained in the
device. Typically this takes the form of an unaffected low resistance state, and a reduction of resistance
in the high resistance state [83]. As discussed previously the device showed high sensitivity to hard
setting defects, the consistency of the low resistance state, and high variation in the high resistance state
all support the theory that semi hard setting may be responsible for the high variation in device
performance. Figure 5.6 shows a Ag/Cu,O/Cu device that exhibited semi hard setting. In the device the
initial HRS of the device is 100 kQ, after the forming the HRS of the device resets to 1 kQ, which is

maintained upon subsequent passes. The LRS of the device is unaffected by the semi hard setting.
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Figure 5-6 Semi Hard setting defect in Ag/Cu20/Cu memristor as seen through the

change in the HRS of the device across multiple voltage sweeps

The devices in the Ag/Cu,O/Cu array showed the ability to be successfully programmed to multiple
intermediate resistance states through read writing tests, as shown in figure 5.5e. Writing pulses of +/-
1V for 150 ns were used to in incrementally change the resistance of the device. Sequences of 10 setting
pulses followed by 10 resetting pulses were used to demonstrate the ability to select for intermediate
resistance states. The device showed consistent incremental setting and resetting characteristics. The
change in resistivity of a setting or resetting pulse shows strong dependence on the initial resistance of
the device. During setting the average incremental change in resistance was shown to be a reduction in
resistance of about 50 percent of the initial resistance. During resetting the average incremental change
was shown to be an increase of about 100 percent of the initial resistance. The resetting showed more
variability in incremental resistance change than setting. The device showed a low degree of non
volatile memory retention. Typically the low resistance state was only sustained for several seconds

before degrading, making it hard to accurately monitor.

84



The increased HRS/LRS ratio, and improved device consistency of the Ag/Cu,O/Cu cross bar array
over the Cu/Cu.O/Cu array demonstrates that the performance of the device is heavily dependent on
the choice in electrode materials.

5.4 Summary

Memristor based logic structures were successfully fabricated using direct laser writing. Boolean logic
“And” and “Or” gates were fabricated from planar patterns. The Boolean gates demonstrated rapid
response times of approximately 300 ns to input signals. Moderate signal degradation was observed in
the logic gates due to the moderate differences between the HRS and LRS of the memristors in the

devices.

Cross bar memristor arrays were successfully fabricated using hierarchical patterns. A Cu/Cu,O/Cu
crosshar array was fabricated. Moderately consistent resistive switching behavior was observed
between memristor nodes in the array. Nodes within the array demonstrated multiple resistance states
that could be programmed using ultra short voltage pulses. The ultra fast programming of the device
was attributed to high ion mobility within the copper oxide region. The multi level resistance of the

device was shown to be non-volatile and stable over a period of over an hour.

An Ag/Cu,0O/Cu crossbar array was fabricated in order to observe the effect of electrode material on
device performance. It was demonstrated that the silver electrode improve device consistency and
increased the average HRS/LRS ratio of the nodes within the array. This was attributed to Silver’s
highly beneficial properties for enabling the redox reactions that form the conductive filament.
However, the device also showed an increased sensitivity to several types of defects over the
Cu/Cu,0/Cu array. Namely hard setting and semi-hard setting defects. The sensitivity to semi hard
setting defects lead to a high degree of variability in the HRS of the memristors within the device.
Nodes within the array also demonstrated multiple resistance states that were programmable through
ultra short voltage pulses. The larger difference in resistivities between the HRS and LRS of the device
enabled more intermediate resistance states to be observed. The device showed very consistent setting
and resetting behaviour. However device volatility increased significantly, and the low and intermediate

states of the device were only maintained for several seconds or less.
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Chapter 6

Conclusion

6.1 Conclusion

The objective of this thesis was to explore the use of direct laser writing for fabrication of inexpensive
electronics components. Successful fabrication of flexible memristor devices and prototype memristor
logic hardware indicate that direct laser writing has potential as a viable method for flexible electronics
fabrication. Furthermore, direct laser writing was demonstrated as a versatile process through the
successful fabrication of a wide range of different memristor patterns, including planar, 3D, and wire-
wire joining.

Direct Laser writing was proven as a viable process when using a laser in near infrared wavelengths.
The relationship between the photodegradation of PVP and chemical state of the deposited metal
patterns was studied through depositing copper patterns at a range of changing laser parameters. The
process window is defined at the upper limit by high laser energy damaging the substrate material, and
at the lower limit by insufficient laser energy leading to poor material deposition. Lower laser energy
leads to copper oxide patterns through incomplete degradation of PVP limiting the amount of formic
acid available to reduce the copper ions. High laser energy ensure complete degradation of PVP and an
abundance of formic acid, leading to metallic patterns. This relationship is preserved when substituting
aqueous precursor solvent with IPA solvent. A thick precursor paste could be formulated from a highly
concentrated IPA based precursor that enabled the fabrication of multi layered patterns. Other metal
salt precursors were treated in order to determine the suitability of direct laser writing for depositing a
range of metal patterns. It was shown that the reduction potential of the metal ion is key in determining
suitability for direct lase writing. Highly anodic metal ions were most likely to be deposited as metal
oxides regardless of laser settings. Highly cathodic metal ions were most likely to be deposited as
metals regardless of laser settings. Metals with intermediate reduction potentials showed a high

sensitivity to laser settings and could be selectively deposited as either metals or metal oxides.

A series of Cu/Cu,O/Cu memristor were fabricated using direct laser writing. Planar patterns printed
onto flexible substrates demonstrated consistent bipolar resistive switching at voltages near to +/- 0.7
V through the formation of a conductive filament. The resistive switching showed a high sensitivity to

the laser settings used to print the copper oxide region. HRS/LRS ratios as high as 102 could be achieved
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through tuning the laser settings. The devices were shown to be tolerant over a large range of bending
strains and a long period of time. The resistive switching effect was shown to be highly tolerant to
changes in device geometry and size. 3D patterns fabricated from multiple layered patterns
demonstrated similar resistive switching effects to the planar patterns. The resistive switching effect

was shown to be highly sensitive to the addition of interlayers in the 3D pattern.

Prototype memristor logic structures were fabricated with direct laser writing. Boolean “And” and “Or”
gates were fabricated from planar patterns of memristor pairs. The devices showed rapid signal
processing, being able to process input signals in approximately 300 ns. Moderate leak current and
signal degradation was noted in the logic gates, which was attributed to the moderate differences
between the HRS and LRS of the memristor pairs. Cross bar memristor arrays were fabricated and
characterized. Cu/Cu,O/Cu memristor array showed a high failure rate of nodes within the matrix. The
nodes that were stable demonstrated a moderate degree of variability. The ability to program different
resistance states was demonstrated through the use of ultra short voltage pulses. Applied pulse times as
short as 100ns were sufficient to affect significant change in the device resistance state. The device
showed non-linear programming behavior, with initial voltage pulses affecting the greatest change in
resistance and subsequent pulses affecting marginal changes in resistance. An Ag/Cu,O/Cu cross bar
array was fabricated an characterized. The inclusion of a silver electrode decreased the failure rate of
nodes in the array. The HRS/LRS of the device also increased through the use of a silver electrode. The
Ag/Cu,/Cu array also showed the ability to program intermediate resistance states, with 150ns pulses
being sufficient to affect a change in device resistance. The programming behaviour of the device was
shown to be highly consistent. The Ag/Cu,O/Cu array also showed a higher sensitivity to hard setting
and semi hard setting defects which led to a high degree of variability in the HRS of the memristors.

6.2 Future Work

There are several potential research directions in the field of direct laser written electronics. Further
research into finding strategies that enable the deposition of a broader range of metals should focus on
identifying suitable reduction agents with higher reduction potentials to enable the deposition of highly
anodic metal ions. As the range of materials that can be deposited by direct laser writing expands so

does the versatility and potential usefulness of the process.

Lasers with smaller spot sizes should be utilized in order to produce devices that are smaller and have
finer features. This will help demonstrate the viability of direct laser writing as a process that has
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relevance to modern electronics. Optimization of laser settings for copper oxide based memristor
devices will provide logic gates with lower leak currents / signal degradation. As well direct laser
writing may be a suitable process for depositing a range of metal oxide materials for metal oxide based
resistive switching devices. Since the metal oxide is of primary interest for the switching layer, the

ability to produce metallic patterns may be of secondary importance.

The devices fabricated in this work showed high sensitivity to material changes at the electrodes or in
the switching layer. Further work should be done to identify ideal combinations of electrodes and

metal oxides to further improve the performance of the fabricated memristors.
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