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Abstract

The von Neumann’s digital architecture, in which the memory unit is structurally separated
from the processing unit is the process used in conventional digital computers. However, with
the rapid evolution of technology, resulting in the increase of the data size to be processed,
noteworthy costs in energy and time are suddenly becoming insuperable, constituting the
bottleneck of this technology.

New computer paradigms are starting to appear in order to fight these constrains, as is the
case of memristors, a novel class of devices showing resistive switching. These follow the
process based on the human brain functioning, where the memory itself constitutes the place
where data is stored and processed, eliminating the issues that arise with the movement of
data between the separated units. Moreover, since these are centered on the transition
between two or more states of resistivity, they present an auspicious contender for the
capability of mimicking brain functions once this switching behavior resembles synapses. These
characteristics make them a great candidate to substitute von Neuman’s architecture, as well
as a great option to be used in implantable neuro devices. On the other hand, most available
implantable devices are rigid and since the human body is mostly composed of soft tissues, this
may come as an obstacle to their interface, communication, and adaptability.

The main proposal of this dissertation is the fabrication of resistive switching devices on
top of flexible and biocompatible substrates, for neuromorphic applications. Here, resistive
switching devices were successfully fabricated using scalable spin-coating and sputtering
techniques. The device stacks consisted of an active layer composed of PMMA embedded with
TiO, or ZnO nanoparticles, deposited onto a flexible and biocompatible PET/ITO substrate.
Tungsten electrodes were used as the top electrode, while ITO served as the bottom electrode.
The fabricated devices exhibited bipolar resistive switching behavior, with the ability to switch
between high-resistance and low-resistance states under low amplitude applied voltage. The
resistive switching mechanism was attributed to the valence change mechanism, where a
positive polarity voltage led to a transition from low-resistance to high-resistance state
(RESET), and a negative polarity voltage caused the transition from high-resistance to low-
resistance state (SET). Additionally, the devices demonstrated satisfactory endurance,
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retention, and neuromorphic properties. Long-term potentiation and long-term depression
were also achieved, which are crucial aspects of the learning process. Future work should focus
on validating the devices with neural signals, leveraging their potential for nonvolatile
memories and artificial arrays in wearable and implantable applications.
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Resumo

A arquitetura digital de von Neumann, na qual a unidade de memoéria esta estruturalmente
separada da unidade de processamento, € o processo utilizado nos computadores digitais
convencionais. Contudo, com a rapida evolucao da tecnologia, ha um grande aumento no
tamanho dos dados a processar, resultando em notaveis custos de energia e tempo.

Novos paradigmas comecam a surgir para combater estes constrangimentos, como € o caso
dos memristors, uma nova classe de dispositivos que mostram comutacao resistiva. Estes
seguem o processo baseado no funcionamento do cérebro humano, onde a prdopria memoria
constitui o local onde os dados sao armazenados e processados, eliminando as questées que
surgem com o movimento de dados entre as unidades separadas. Além disso, como estao
centrados na transicao entre dois ou mais estados de resistividade, apresentam-se uma grande
capacidade de imitar as fungdes cerebrais uma vez que este comportamento de comutacao se
assemelha a sinapses. Estas caracteristicas fazem deles um grande candidato para substituir a
arquitetura de von Neuman, bem como uma grande opcao a ser utilizada em dispositivos neuro
implantaveis. Por outro lado, a maioria dos dispositivos implantaveis disponiveis sao rigidos e
uma vez que o corpo humano é composto principalmente por tecidos macios, isto pode ser um
obstaculo a sua interacao e adaptabilidade.

A principal proposta desta dissertacao é o fabrico de dispositivos de comutacao resistiva
sobre substratos flexiveis e biocompativeis, para aplicacbes neuromérficas como o
desenvolvimento de memorias nao volateis e matrizes artificiais. Neste trabalho, os dispositivos
foram fabricados com sucesso utilizando técnicas de spin-coating e sputtering. As camadas que
os constituem sao compostas por PMMA incorporado com nanoparticulas de TiO, ou ZnO,
depositadas num substrato flexivel e biocompativel de PET/ITO. Elétrodos de tungsténio foram
utilizados como elétrodo superior, enquanto o ITO foi utilizado como elétrodo inferior. Os
dispositivos fabricados exibiram um comportamento bipolar de comutacao resistiva, com a
capacidade de alternar entre estados de alta e baixa resisténcia sob tensbes de baixa
amplitude. O mecanismo de comutacéo resistiva foi atribuido ao mecanismo de mudanca de
valéncia, onde uma tensdo de polaridade positiva levou a transicdo do estado de baixa
resisténcia para o estado de alta resisténcia (RESET), e uma tensao de polaridade negativa
causou a transicao do estado de alta resisténcia para o estado de baixa resisténcia (SET). Além
disso, os dispositivos demonstraram uma resisténcia satisfatoria, retencao e propriedades
neuromorficas. Apresentaram ainda uma evidente potenciacao e depressao, que sao aspectos
cruciais do processo de aprendizagem e comportamento neuromdrfico. Trabalhos futuros



devem-se focar na validacao dos dispositivos com sinais neuronais, aproveitando o seu potencial
para memorias nao volateis e matrizes artificiais para aplicacoes de colocacao junto ao corpo
e implantaveis.
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“Assim como falham as palavras quando querem exprimir qualquer pensamento,
Assim falham os pensamentos quando querem exprimir qualquer realidade.
Mas, como a realidade pensada néo é a dita mas a pensada,

Assim a mesma dita realidade existe, ndo o ser pensada.

Assim tudo o que existe, simplesmente existe.”

Alberto Caeiro, 1917
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Chapter 1

Introduction

Nowadays conventional digital computers follow the process of Von Neumann’s digital
architecture, in which the data to be handled must be moved back and forth between the place
where it is stored (the memory unit) and where it is processed (the processing unit) [1].
However, due to the structural separation of the processing and memory units, as well as the
increase in size of the data to be processed, this process incurs noteworthy costs in energy,
time, and potential, constituting the bottleneck of this architecture. The increasing disparity
between the speed of the mentioned units is also to be taken note of and is typically referred
to as the Memory Hall.

These constrains are reaching a point in which it stops the evolution of computing systems
and so alternatives started being implemented, like the use of a couple of thousand processors
in parallel or custom-designed application-specific processors. However, although easing the
problems at hand, these do not seem to overcome them [2].

An alternative that seems promising is the one based on the human brain structure, where
the memory itself constitutes the place where data is stored and processed, eliminating the
issues that arise with the movement of data between the separated units, commonly known as
In-Memory Computing.

As is known, the brain is the most complex organ of the human body and the one we know
less about. It commands every single aspect of our lives, what we learn, think, feel and do, in
an intricate way. The key to this very complex system is the way neurons communicate with
each other, through synaptic connections, leading to large connectivity between them and thus
presenting a highly parallel processing power [3], forming neural networks.

Therefore, the brain presents a different computing paradigm, but much more powerful
configuration than modern computers, with better memory retention and learning capabilities,
while presenting lower power consumption [4]. Thus, research in developing devices to mimic
brain functions is extremely important to progress in the big data world.

Given the complexity and importance of the human brain, any neurological disorder
disrupts life in various implacable ways. With the current life expectancy growing each year,
new disorders and conditions are starting to appear and grow, as is the case of neurological
ones. To help mitigate and treat these problems, some implantable devices have been
discovered and implemented to treat neurological disorders and damages, like for Parkinson’s
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Disease with deep brain stimulation and robotic prostheses with neural interfaces. However,
despite the continuous development of the topic, there are intrinsic differences between
biological tissues and electronic devices. Tissues and organs from our body are mostly soft and
of very high-water content, oppositely, most available implantable electronic devices are rigid.
These differences impose various difficulties when it comes to interfaces between biology and
electronics [5].

A novel class of devices has been proven to be able to respond to this quest for a new
computing paradigm, able to perform real-time adaptative computing and thus help fill the
gap in implantable devices. Resistive switching devices, based on the transition between two
or more states of resistivity, present an auspicious contender for the capability of mimicking
brain functions since this switching behavior resembles synapses [6]. Furthermore, these
devices present a high read/write speed, excellent endurance, fast switching speed, low
programming voltage, and high storage density capability compared to regular digital memories
[7], making them a great candidate to substitute Von Neuman’s Architecture, as well as a great
option to be used in implantable devices.

To accommodate brain physiology these devices may be produced using flexible substrates,
to allow their correct placement and stability. Moreover, to prevent rejection of the implants,
they must be created using biomaterials, to allow their biocompatibility. Furthermore,
biomaterials have been proven to present some mechanical properties that make them ideal
for implantable devices, such as surface elastic response, adhesion, and elasticity, and
electrical properties like moderate to high mobility of charge carriers, thermal stability across
a varying temperature range, and high bandgap between the energy levels which make them
ideal for the fabrication of flexible electronic devices [8].

Hence, the need for biocompatible and implantable devices, preferably soft and humid,
capable of emulating synaptic networks, is the main motivation for this dissertation, through
the production of resistive switching devices on top of flexible substrates.

1.1 - Objective

This dissertation’s main objective is to fabricate flexible resistive switching devices on top
of flexible and biocompatible substrates, for neuromorphic applications such as the use of
nonvolatile memories and artificial neuromorphic arrays for wearable and implantable
applications.

The experimental part of this dissertation will be divided into two main steps, the
fabrication of the devices and their characterization. The fabrication step is mainly divided
into two, the deposition of the material, in which methods like spin-coating and drop casting
will be used, and the definition of nano structures, with the use of sputtering.

Different types of material will be tested in order to get to the ideal device. When it comes
to the active switching layers, polymers and metal oxides will be tested. Silver, tungsten,
aluminum and indium tin Oxide (ITO) will be used as electrodes. Regarding the substrates, some
tests might be performed in rigid substrates before entering the flexible ones, where PET will
be tested.



1.2 - Structure of the dissertation

The dissertation in progress will be composed of the following topics by the order
presented. In Chapter 1, the introduction to the dissertation will be presented, followed by
the state-of-the-art in Chapter 2. In Chapter 3, the process from which the devices will be
fabricated will be thoroughly depicted. The results obtained will be discussed and presented
in Chapter 4, followed by the conclusion of the dissertation in Chapter 5.
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Chapter 2

State-of-the-art

2.1 - Resistive Switching Behavior - Memristors

Nowadays, computing systems are built under Von Neumann’s architecture, with a
structural separation of the processing and memory units, which has been known to be the
cause of some issues that started to appear with the rapid computer science evolution.

An alternative architecture is the one based on the human brain structure, known as
In-Memory Computing, in which the place where the data is stored is also where it is processed.

One emerging option in this kind of computing is resistive random access memory
(RRAM), also known as memristor based memory devices [9]. In these, information is stored
through differences in atomic arrangements or in the different orientations of the
ferromagnetic metal layers. Their capacity to switch between high and low resistive states,
allows a non-volatile storage capability with a range of conductance states [2]. This kind of
computing uses an electronic component, the memristor, that will be presented in the
following sections.

Chua, in 1971, presented the memristor or memory resistor (M) as the 4th fundamental
circuit element, besides the resistor (R), capacitor (C), and inductor (L).

He discovered that six different mathematical equations related the four fundamental
circuit variables (electric current - i, voltage - v, charge - q, and magnetic flux - ¢). Five of
them were already portrayed and known, three that defined the fundamental elements (R, C
and L) and the other two that defined the Faraday’s law of induction (q as the time integral of
the current and ¢ as the time integral of voltage). However, the mathematical relation
between q and ¢ existed, but there was something missing to prove it. Thus, he stated that
there should be a 4th element that provided this relation, which he determined to be the
Memristor, with Memristance M [10]. The four fundamental circuit elements: resistor,
capacitor, inductor and memristor, together with the six equations that portray its relations
are represented in Figure 1.
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> )€
§
Resistor m Capacitor
dv = Rdi = dg = Cdv
4 A 4
({) <& dqg =idt q)
A TRM rl I-l I-l A
Inductor Memristor
dp = Ldi dp = Mdq
Y
» -
Memristive systems

Figure 1 - Representation of the four fundamental circuit elements; resistor,
capacitor, inductor and memristor and its relations. Retrieved from [11].

2.1.1  Behavior

The memristor can be characterized as a resistor with memory, in which its value
of resistance is determined by the charge flowing through it [12]. It is a passive element
with two terminals presenting exceptional nonlinear features, which the other three
basic circuit elements and their combinations cannot duplicate.

The four elements’ behavior in the |-V domain is represented in Figure 2. Like it is
commonly known, the resistor presents a linear relationship between voltage and
current, whilst the capacitor and inducer are represented through a circular shape with
90° phase difference. Looking at the memristor representation, a very characteristic
curve can be observed, a pinched hysteresis loop, with crossing in the referential zero.
The current hysteresis response to a periodic voltage is the fingerprint of memristor
devices, reflecting the effect of short-term memory it presents [13].

The resistance of a memristor can be programmed to be in low or high state, by
applying SET and RESET pulses. This way, the resistance increases or decreases
depending on the polarity of the current or the applied voltage. The removal of the
source of excitation does not make a change in the resistance, property that allows the
memristor to act as a memory.

R A A/ C
—A— —i—
P
(a) (b)
M
I Al A/ 'J-Lﬂ_ﬂ_,-
N ¢ P
k J - -
(c) (d)

Figure 2 - Representation of the characteristic curve of the four circuit elements
in the I-V domain: (a) Resistor; (b) Capacitor;(c) Inducer; (d) Memristor. Adapted
from [13].
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Figure 3 - Hysteretic curves observed in the behavior of a titanium dioxide film.
Adapted from [14].

2.1.2 History

Although the first device called memristor, was only produced by Strukov et al. in
2008, using a titanium dioxide (TiO;) thin film [11], the memristor behavior was
previously observed in 1968 by Argal [14], when the current-voltage behavior of a
titanium dioxide film was observed through a series of hysteretic curves, as can be
observed in Figure 3.

Then, in 1971, Chua was the first to present the ideal model of memristor, and the
first to give it its name. He proved that when the electrical flux was increased over a
threshold, the device switched from one resistance to the other, and reverted to the
original state when the flux decreased over the same threshold, producing the
hysteretic curve. Although he was not able to produce an actual device, he proved in
the circuit-theoretic that it was possible to produce a memristor with no internal power
supply [10].

Finally, in 2008, Strukov et al [15] produced the first physical model for a
memristor. It consisted of thin semiconductor film of TiO, in between two metal
contacts, as can be observed in Figure 4.

This film had one region with a high concentration of dopants with low resistance
and a region with almost zero dopant concentration and higher resistance. By applying
an external source of energy, the dopants drift, moving the boundary between the two
regions and thus causing changes in the resistance. They were able to produce the first
memristor with an hysteretic behavior in the I-V domain, although this behavior in the
TiO, film had already been proved by Argal [14].

W A
<—>
Vv
Doped Undoped

D

Figure 4 - Schematic representation of the first memristor proposed by Strukov et
al. Retrieved from [15].
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OFF state

RESET process OFF state

SET process

Figure 5 - Mechanism of ECM (a) and VCM (b) RS mechanisms. The I-V curves
characteristic from each mechanism is also represented. Adapted from [16].

2.1.3 Classification of Memristors - Switching Mechanisms
Memristors can be based on three different switching mechanisms, ionic switching,
ferroelectric and phase change.

2.1.3.1 lonic switching

This type of switching mechanism is the most prevalent when it comes to
memristors. Its main characteristic is centered on the movement of ions between
the two electrodes and can range from oxygen vacancies to active metal cations
and anions. This mechanism is mainly divided into two, the Electrochemical
Mechanism (ECM) and Valence Change Mechanism (VCM).

(A) Electrochemical Mechanism - ECM

This mechanism is based on a common electrochemical oxidation-reduction
process. It relies on the formation and rupture of metallic films that are in
short-circuit (SET process, leaving them in LRS (ON)) or disconnected (RESET,
leaving them in HRS (OFF)). These devices are usually composed of an
electrochemically active electrode (Ag for example), a switching film (usually
with an oxide, chalcogenide or single-element material, like Si) and an inert
electrode (like ITO or Pt).

In Figure 5 (a), 1 to 5, is depicted the process of the ECM mechanism. When
an external voltage is applied to the active electrode (Cu in this case), the
metal atoms oxidize and transform into the corresponding ions (Cu*), causing
them to diffuse through the active layer (2). When in this layer, they are
reduced to their atom form (Cu), combine with each other (3), and form a
conductive filament up until the inert electrode (PT in this case) (4). This sends
the memristor to a low resistance state. In order to get it into a high resistive
state, the filament between the electrodes must be ruptured, by applying a
reverse bias, making the atoms transform into their oxidized form (5). The
typical I-V curve characteristic from this mechanism is also represented, where
the direction of the arrows must be taken into account [16].



Low resistance State

High resistance State

Figure 6 - Schematic representation of the principles behind memristors
based on the Ferroelectric Mechanism. Adapted from [17].

(B) Valence Change Mechanism - VCM

This mechanism is based on the rearrangement of vacancies in the active
layer, that determines the state of the device. These are usually formed by an
ohmic electrode (Ti, Ta, ITO), a switching film (preferably an oxide) and an
inert electrode presenting a higher-work function than the active layer.

In Figure 5 (b), A to D it is represented the VCM typical mechanism.
Contrary to the ECM mechanism, the states are not defined by the complete
dissolution of the filaments as they remain largely intact (plug), but because
of a barrier (disc) between the inert electrode and the tip of the filament. By
applying a positive bias, there is an exchange of oxygen (ions/atoms) between
the active electrode and the active layer, and the elements that are in the disc
join the plug, in direction to the inert electrode (C). This triggers redox
reactions in the disc (D), switching the device to a HRS (A). When applying the
reverse voltage, the elements in the disc that joined the partial filament,
return to their original site, leaving the memristor in a Low Resistance State
(B) [16].

By looking at the I-V curve characteristic of this mechanism and comparing
it to the ECM one, it can be seen that the direction of the arrows are the exact
opposite. In the VCM mechanism, a positive bias leaves the devices in a HRS, a
RESET process, whereas in the ECM one, the devices is put in a LRS with a
positive bias, a SET process.

2.1.3.2 Ferroelectric

Ferroelectric tunnel junctions are a kind of device that uses this mechanism. It
is constituted by a ferroelectric insulator material, separating two metal
electrodes. Some processes can occur with these, as quantum electron tunneling
is the dominating one. The movement of electrons through a potential barrier in
the insulator material is the central point of this mechanism. Depending on the
alignment of polarization in the material, the stream of electrons is changed,
resulting in the production of tunnel electro-resistance effect. When a bias is
applied across the two electrodes, the potential at the insulator decreases or
increases depending on the direction of the polarization, resulting in significant
resistance changes [18], which can be observed in Figure 6.
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Figure 7 - Schematic representation of the principles behind memristors based
on the Phase Change Mechanism. Adapted from [19].

2.1.3.3 Phase Change

In this kind of mechanism, a change in the phase of the material is what makes
its resistance state change. When a voltage is applied between the top and bottom
electrode and a depression pulse is sent, a heating process is promoted, gradually
heating the phase change material, changing it from a crystalline to an amorphous
phase, resulting in a change in the resistance of the memristor. This way, the
amorphous phase is usually associated with a high resistance state, whereas the
crystalline phase is related to a low resistance state once conductivity rises due to
the charge carriers’ localization in the crystalline state. To return the memristor
to a crystalline (low) state, a potentiation adjusted pulse must be applied,
crystallizing once again the phase change material layer [18][19]. A schematic
representation of this mechanism is presented in Figure 7.

2.1.4 Neuromorphic properties of memristors - Mimicking brain behavior

The most important brain cells are neurons. Neurons communicate with each other
through synapses, and this is what allows us to think, keep memories and overall
command our body. Synapses can process, store and transmit information
simultaneously, providing the substrate for synaptic computing and learning.

Figure 8 shows the schematic representation of a synapse. Synapses usually start
with action potentials, that trigger the opening of voltage-gated calcium channels. The
activation in these channels makes the presynaptic neuron release neurotransmitters.
These blind the receptors on the postsynaptic neuron, causing changes in the
current/potential [20].

Synapses and memristors end up presenting with similar sandwich structures and
operating mechanisms. The pre- and postsynaptic neurons can be comparable to the
top and bottom electrode of the memristor and the dopants in the semiconductor film
are comparable to the neurotransmitters. Based on these assumptions, can be said that
the memristor has a neuromorphic behavior, once it resembles brain functions and,
thus, should be capable of being used in artificial synapses to construct artificial neural
networks [12].
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Figure 8 - Synapse's schematic representation. Retrieved from [20].

2.1.5 Applications of Memristors

After the first step taken by Strukov et al [15], various approaches in the different
uses of the memristor started to appear, such as their use in nonvolatile memory arrays,
analog and digital modulation and neuromorphic computing circuits.

A. Memristor as an Interface between biological and artificial neurons

Memristors have also been found to act as an interface between biological and
artificial neurons. In 2020 Serb et al, reported to be able to demonstrate linking
between silicon spiking neurons (artificial) and brain neurons in both directions,
using two memristive connections, that emulate synaptic function [21]. The
artificial-to-biological synaptor (ABsyn), is composed of a TiOx commercial
memristor coupled to a metal-thin film TiO, microelectrod that provides the
connection between a very-large-scale-integration (VLSI) spiking neuron (SNN) and
a biological neuron from a rat, in culture. This link, is able to emulate a brain
synapse both when it comes to transmission and plasticity. The artificial neuron
starts by sending a pre-synaptic depolarization to the memristor (MR1). The
resistive states from the memristor are translated into adjustable voltage stimuli,
through CME, one of the elements of the multielectrode array, CMEA, producing
postsynaptic depolarizations in the biological neuron, resembling native excitatory-
postsynaptic potentials (EPSPs). The biological-to-artificial synaptor (BAsyn)
functioning ends up being similar to the previously mentioned one. The signals sent
by the biological neuron are recorded in the CMEA and sent to the memristor MR2,
which sends it to the artificial neuron [21].

B. Memristor as an Interface between two live biological neurons

In 2018 Juzekaeva et al, were able to couple two live neurons from brain slices
through the use of organic memristive devices (OMD). In this experiment, a
nonconnected pair of neurons from rat brain slices were connected through an OMD
paired with an electronic circuit, which functioned as a synapse. The structure of
the OMD comprised a conducting polymer (polyaniline) and a solid electrolyte—
lithium salt doped polyethylene oxide (PEO). The memristance features were
achieved through the conductivity difference in the oxidized and reduced
polyaniline forms [22].
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C. Memristor used as storing and processing units in neuronal applications

Besides being able to connect neurons and emulate synapses, memristors can also
be used to store and compute fast blasts of events, as is the case of spikes produced
by neurons. Gupta et al in 2016 were able to produce an array comprising a memristive
device capable of storing information coming from transduced neuron spikes recorded
through a multielectrode array, when it comes to amplitude and frequency. This proved
the potential of memristors to be used as a low scale, energy-efficient processors for
brain-chip interfaces [23]. The external frontend is where the neuronal sighals are
acquired and amplified. The waveform resultant from the signal sent to the software
is sent to the memristor and the reading circuit periodically measures its resistive
state. When changes occur, these are sent once again to the software and extracted
as spikes [23].

Following this application, Liu et al proposed in 2020 the use of memristors not
only in the reception and storage of neural signals but also in their analysis for next-
generation brain-machine interfaces (BMI). They proposed a future BMI incorporating a
memristor-based system capable of storing and analyzing neural signals. First, neural
probes acquire activities produced by neurons and send it to the memristor array,
where they are stored, analyzed and sent to the brain again as commands for human
or computer effectors [24].

Published last year (2022), Dias et al proved for the first time the use of a
memristive system to acquire different patterns of neural signs and act depending on
them, working as an artificial synapse. This project presents an envisioned system
composed of a memristor linked to a source and a target. In the beginning the
memristor is in the high resistive state (OFF), resembling a low synaptic connection.
When the source electrode receives signs of activity in a designed pattern, the target
population is electrically stimulated, inducing them to fire to the source population.
When the spiking rate lowers to baseline activity, the connection is dissolved [25].

2.1.6 Types of materials used for memristors

Memristors main components are the active components, in the dielectric layer
(Active Insulating Layer), which are sandwiched between two electrodes, on top of a
substrate.

A. Active components

The main active components of memristors can be composed of inorganic,
organic, and inorganic-organic materials [12]. The organic components include
biomaterials from natural sources, like lignin [26], egg albumen [27], and potato
starch with chitosan [28], and polymer materials such as glucose [29] and
polydopamine [30]. The inorganic materials, which are the most commonly studied,
comprise transition metal oxides, including TiO,[31], SrTiO; [32][33], NiO [34], CuO
[35], ZnO [36], MnOx [37], Ta,0s [38], Ti,05-x/TiOy [39], and chalcogenides [40].
Some inorganic-organic materials have also been used to produce memristors, like
some perovskites [41], [42].
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B. Electrodes

The selection of the right electrodes to be used is also fundamental to the
memristors’ functioning. Depending on the type of switching mechanism
(mentioned in Section 2.1.3.1), the proper active electrode is crucial to the
performance of the memristors. Thus, it should be chosen depending on the
materials used in the active layer. Nevertheless, for all mechanisms it is crucial
that one of the electrodes is electrochemically active. This way, most used
materials for their production include metals such as Ag, Cu, Ti, Zn, Al and their
alloys, once they can promote oxidation of metal ions, vital to change the
memristor’s resistance [43]. However, some electrochemically nonreactive
materials have also been reported to be used such as Au and Pt [43], as well as
graphene, which presented excellent physical and chemical properties, such as
superior electrical conductivity and good tensile strength [44].

C. Substrates

The substrate on top of which is fabricated any electronic component is a very
important part to be taken into consideration. It is responsible for factors such as
cost-effectiveness, mechanical and chemical characteristics or even production
feasibility [45].

The most common substrates used are rigid such as Si, for its lower price and
proper mechanical and electronic properties.

However, especially when talking about implantable devices, rigid substrates
are not the best option, since they are not conformable with biological systems.
Therefore, these should be produced on top of flexible substrates. Once
demonstrated they could be an asset for some applications, memristors produced
in flexible substrates have been an area of extensive research in the past few
years.

When talking about flexible substrates they must present some important
characteristics apart from scalability, weight and cost such as:

(i) Mechanical: sturdy mechanical flexibility and dimensional stability,
especially when it comes to plasticity and its ability to return to the
original shape.

(ii) Electrical Conductivity: since one of the memristor’s electrode is
deposited right on top of the substrate, it must not interfere with the
ability of the devices to switch resistance states.

(iii) Chemical Stability: depending on the type of fabrication process the
memristor undergoes, it might include the exposure to strong chemical
gases and solvents, so the substrate must be inert to them.

(iv) Barrier: some type of memristors might be susceptible to degradation
when in contact with oxygen and moisture, so in order for the
substrate to serve as a barrier it must prevent penetration from

external substances
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(v) Thermal and Thermomechanical: in addition to chemical changes, in
the fabrication process of memristors, they undergo through thermal
changes, so when picking a substrate, one must take into account the
thermal expansion and transition temperature of the material.

(vi) Surface Uniformity: to prevent electrical short-circuiting in the
memristor fabrication, uniformity of the surface of the substrate is of
extreme importance in order to provide uniform coating of different
layers [45].

As for the Flexible substrates, they can be divided into three main groups:
(i) Plastics and polymers

Typically, in the fabrication of electronic devices, most flexible substrates
used are based on polymers, such as polyethylene terephthalate (PET) and
polyethylene naphthalene (PEN). However these do not seem to perform well
in higher temperatures, which constitutes a disadvantage for implantable
devices, since most physiological processes can reach elevated temperatures
[45].
(ii) Metal Films

As alternatives to plastic substrates, that are more compatible with higher
temperatures are metals likes titanium [46] and stainless steel [47], also
presenting interesting mechanical, electrical and chemical resistance
properties.

(iii) Other substrates

Another material that has been shown some applications as a flexible
substrate is ultrathin glass, which also withstands higher temperatures and has
great mechanical stability, as well has allowing moisture penetration [48].
Paper and cellulose bases substrates, have also been reported as options for
flexible substrates in a range of electronic applications, presenting with very
low cost and weight and also environmentally friendly properties [49]-[52].
Another novelty candidate for a flexible substrate is mica, which presented
promising results in terms of flexibility and thermostability [53].

In Table 1 it is presented the comparison between the main flexible substrates
mentioned. As can be seen, they all present great qualities when used as flexible
substrates, but all of them have a certain category with worse performance.
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Table 1 - Comparison between the use of different materials as substrates. Adapted from

[45].
Properties Plastics/ Metal Ultrathin Paper [51] Mica [53]
Polymers Foils Glasses
Scalability Good Good Poor Good Very good
. Variable (depends
Weight Light Heavy Moderate Moderate
on the filler used)
Thickness Thin Thin Variable Thin Thin
Cost Low High High Very Low Low
Flexibility Good Good Poor Good Good
Barrier
Poor Good Good Poor Good
Property
Thermal
. Low Good Good Good Very good
Durability
Surface Very Moderate Uniform, but Large Flat
. . Smooth
Uniformity Rough Roughness porous Regions

2.1.7 Fabrication Techniques

With their sandwiched configuration, memristors are mostly produced in an array
shape of M x N size, with each memristor cell placed in columns and rows, as can be
observed in Figure 9. Usually, the bottom electrodes are deposited first on the
substrate with an adequate fabrication technique. Then the active layer and the top
electrode follows. This fabrication allows the production of more than one memristor
in a single attempt. Also, since the spacing between each device seems to be enough,
the crosstalk or charge leakage is negligible between and within the layers.

In terms of sizing, the electrodes are in the range of nm to um width, and the active
layer in the nm scale [43].

In the memristor industry, fabrication techniques are usually divided into two main
groups, Contact and Non-contact technologies.

Memristor crossbar array Memristor cross sectional view

Active layer

Figure 9 - Typical architecture of memristors produced in a crossbar
configuration. Retrieved from [43].
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A. Non-contact fabrication
(i) Inkjet printing

This technique consists of a computer-controlled mechanism that commands a
printer to deposit inkjet material on the target substrate.

There are two kinds of inkjet printers, piezoelectric and thermal. In the first one,
the vibration of a piezo crystal inside the extruding nozzle generates the droplet that
is deposited, whereas in the thermal method, the material is heated through applied
voltage allowing the extruding to happen in the nozzle [43].

(i1) Aerosol Jet printing

This technique is based on the extruding of the printing material through the
pressure of sheath gases.

There are also two ways in which the material can be extruded, pneumatic and
ultrasonic. In the pneumatic, the aerosol jet is obtained when a supplied gas is applied
to the ink chamber through a tube. This makes the ink rise and be ejected with applied
pressure in the shape of micro droplets. In the aerosol ultrasonic jet, the resolution is
increased once it allows more manipulation, once the droplets are generated by
pressure waves generated by an ultrasonic actuator. Then the gas is applied to the
chamber, making the droplets already generated come out through the nozzle [43].
(iii) Electrohydrodynamic technique (EHD)

This technique is based on ink that is ionized through an electrical field and
produces a canonical jet. This process is highly controlled through a high-speed
camera, and a computer-controlled platen, where the substrate is placed.

EHD can be continuous or drop-on-demand (DOD). The continuous process,
continuously deposits the extruding material whilst the drop-on-demand ejects the ink
in a controlled motion, monitored through a pulsating voltage. Both have advantages
depending on the results wanting to be achieved, once in the continuous, there will
be fewer blank spots but more material might be wasted, and in the DOD, in some
applications the blank spots might not be that important for the outcome and less
material will be wasted [43].

B. Contact fabrication
(i) Screen Printing

This is a very simple and old technique that has been used for a while when it
comes to the fabrication of printed electronic devices.

In this technique a screen with a stencil is placed on top of the substrate. Then
the printed material is poured on top and squidged to spread to the entire surface.
The ink transfers to the substrate according to the pattern on the screen [43].

(ii) Flexography

This technique is based on a cylinder with raised patterns (developed by
photolithography) that is attached to a plate. The cylinder picks the ink and transfers
it to the substrate on top of the printing plate, in combination with an impression
cylinder that pushes the plate towards the top cylinder to help with the pattern
transfer [43].



(iii) Spin Coating
This mechanism consists of a motor spinner, a computer controlling unit, to allow
the adaptation of the number of revolutions and a vacuum generator to keep the

substrate in place during the process.
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With the help of a pipette, the material in liquid form is poured on top of the
substrate. Secured in place by the vacuum, the substrate is spined and the material
spreads over the surface due to centrifugal force. The thickness wanting to be

achieved can be easily controlled by the spinning time and speed [43].

Comparing the different techniques mentioned (Table 2), the one with a better range
of resolution is screen printing, also presenting with the lowest printing thickness. However,
this technology may lead to high roughness of film, requires a high initial setup cost and leads
to some material waste, especially when talking about continuous EHD. When analyzing the
electrode and active layer fabrication, most of them can do both, except for Spin Coating for
electrodes and Screen printing for the active layer, once they are not suitable for these

applications.

Table 2 - Comparison between the different Memristor Fabrication Techniques. Adapted

from [43], [45].

Non-Contact Fabrication

Contact Fabrication

Inkjet Aerosol EHD Screen Flexography Spin
Jet printing Coating
Resolution (um) 15-100 10-100 10-500  30-100 30-80 NA
Thickness (um) 0.01-0.5 10-15 0.001- 3-30 0.17-8 0.01-10
0.10
Speed (m/min) 0.02-5 0.6-1.2 0.1-3  0.6-100 5-180 NA
Material waste No No Yes Yes Yes Yes
Mask Requirement No No No Yes No Yes
Printing Area Large Large Large  Medium Large Medium
Electrode Yes Yes Yes Yes Yes No
Fabrication
Active Layer Yes Yes Yes No Yes Yes

Fabrication
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2.2 - Proposed resistive switching structure

The successful fabrication of memristors relies on careful selection and integration of
various materials and components to achieve optimal performance. Here is presented the
optimal design of the device after thorough testing and refinement, as shown in Figure 10.

The design incorporates a flexible substrate made of Polyethylene terephthalate (PET),
enabling the resulting devices to be flexible and conformable to different surfaces and shapes.
This flexibility opens possibilities for their integration into wearable electronics and other
applications where mechanical flexibility is a crucial requirement.

The choice of Indium Tin Oxide (ITO) as the bottom electrode in the memristor
structure offers several advantages. ITO is a transparent and conductive material that provides
robust and reliable electrical contact with the substrate with excellent electrical properties.

The active layer of the memristor is composed of Poly(methyl methacrylate) (PMMA)
doped with nanoparticles of Titanium Dioxide (TiO;) and Zinc Oxide (ZnO). These nanoparticles,
known for their unique electrical properties, enhance the functionality of the active layer by
modifying the charge transport mechanisms within the device. The incorporation of TiO, and
Zn0O nanoparticles in the PMMA matrix enables improved resistive switching behavior and
enhances the device's overall performance.

Completing the memristor structure, a circular Tungsten (W) thin film electrode or a
W probe are used as the top electrode. Tungsten, known for its exceptional electrical and
thermal properties, ensures efficient charge injection and retrieval within the device. The
circular W electrode provides a well-defined contact area and enables precise control over the
resistive switching behavior of the memristor.

2.2.1 Resistive Switching (RS) in PMMA with nanoparticles

In recent times, hybrid composites combining inorganic and organic components
(polymers), specifically those incorporating inorganic nanoparticles (metals, oxides),
have shown great promise as viable options for future nonvolatile memory devices [54].
These present a range of advantages such as cost-effectiveness, facile solution-based
processing methods such as screen-printing or spin-coating, and the ability to tailor the
mechanical, electronic, and optical properties through chemical synthesis. Moreover,
by changing the concentration of the nanoparticles in the polymer, makes it possible
to finetune the switching properties of the devices [55].

50 nm
o 400 nm
(a) Vlie) 127 um/130 nm (b)

Figure 10 - (a) Schematics of the memristor stack. (b) Schematic representation of the
folding measurements. Adapted from [52].
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Among the various organic materials investigated for RS, polymethyl methacrylate
(PMMA) has emerged as a promising candidate due to its desirable electrical and
physical properties, such as high dielectric strength, low cost, and insulator properties
[56]. As for the inorganic nanoparticles embedded in the polymer layer, some of those
that have been showing evidence of RS are ZnO [57] [58] [59] and TiO, [55] [60] [61],
with ultra-fast switching speeds (less than 25 ns), substantial OFF/ON resistance ratios
(up to 10° orders of magnitude), excellent endurance (over 10° cycles) paired with
prolonged data storage retention (over 10°s) .

Given these considerations, stacks of ITO, PMMA with nanoparticles (ZnO or Ti0O,),
were studied during this work, with refinements on the thickness of the layers and
concentration of the particles.

(A) RS in ZnO and TiO,

RS in RRAM devices with ZnO are based on the valence change mechanism
(VCM), which is responsible for the creation and removal of conductive
filaments within the device, facilitated by the nano ions transportation of
oxygen vacancies and interstitial oxygen ions at the nanoscale in the ZnO layer
[62]. Similarly, when in the presence of TiO,, resistive switching also seems to
be based on the VCM effect. VCM occurs due to the migration of oxygen
vacancies, from the ohmic electrode to and within the ZnO or TiO, film [63].

As mentioned in chapter 2.1.3.1, this is most likely the mechanism
happening because the ITO electrode serves as the ohmic electrode, once it
has a high oxygen affinity for attracting oxygen ions due to its abundant oxygen
vacancies [64]. The active layer contains oxides (which both ZnO and TiO, are),
and W works as the inert electrode and presents a higher-work function than
both ZnO and TiO,. Most likely, ECM is not happening because neither ITO nor
W are particularly electrochemically active.

2.2.2 Biocompatibility of the device

In recent years, there has been an increasing demand for the development of
implantable and wearable devices that seamlessly integrate with the human body. The
successful implementation of such devices relies not only on their functionality and
performance but also on their compatibility with the biological system they interact
with. Therefore the biocompatibility of the materials is discussed here, with the
ultimate goal of enabling their safe and efficient use in implantable and wearable
devices. Understanding the biocompatibility of these devices is a crucial step toward
the advancement of implantable and wearable technologies.

PMMA is a widely recognized biocompatible polymer that exhibits excellent
chemical stability and low toxicity. It has been proved to be compatibility with living
tissues both internal and external [65]. The Polyethylene terephthalate coated with
Indium Tin Oxide (PET/ITO) combines the desirable properties of PET, such as flexibility
and durability, with the conductive and transparent characteristics of ITO. It has been
proved that ITO has great capacities in preventing protein adsorption which
demonstrates its biocompatibility [66]. PET is one of the most used polymers in the
health sector due to its good biocompatibility [67].
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Additionally, we have incorporated Zinc Oxide (ZnO) and Titanium Dioxide (TiO,)
nanoparticles in the active layer. These nanoparticles offer unique electrical properties
and have been extensively studied for their biocompatibility in various medical
applications [68] [69]. Furthermore, Tungsten (W), is also known for its exceptional
stability and biocompatibility [70].

By choosing these biocompatible materials, the aim is to develop memristors that
can function reliably within the human body without triggering adverse reactions or
compromising the overall health of the individual. However, although all the materials
show biocompatibility, they could further be encapsulated in an additional
biocompatible material to preserve their characteristics.



Chapter 3

Experimental Methods

3.1 - Solutions Preparation

The flexible switching layer was based on nanoparticles dispersed on a polymeric layer.
First the polymer was prepared using 1 g of polymethylmethacrylate (PMMA) powder (average
Mw ~ 350000) [71] that was dissolved in 25 mL of toluene in a water bath at 40°C. Then the
nanoparticles, ZnO (<100 nm) [72] and TiO, (30 nm Rutile and <100 nm Anatase+Rutile) [73]
[74] nanopowders were dissolved on chloroform. Depending on the desired concentration (11%,
20% or 60%), the powders were dissolved in 336 pL, 672 pL and 4032 pL of chloroform. These
nanoparticle solutions were then added to 10 mL of the solution of PMMA with toluene. All the
solutions underwent a magnetic stirring process until fully dissolved.

All the particles used were purchased from Sigma-Aldrich Co, except for the TiO, (30
nm) nanopowder, that came from US Research Nanomaterials.

3.2 - Stack Deposition

The synthetized solutions were both deposited using Spin-Coating and Drop-Casting to
define the active layer on top of PET/ITO flexible and transparent substrates, with 60 Q/sq of
surface resistivity and 5 mil (=127 pm) thickness from Sigma-Aldrich Co [75]. As top electrodes
both 5 ym diameter tungsten microtips were used, as well as 50 nm thick and 300 pm in
diameter circular tungsten electrodes defined by Sputtering.

3.2.1 Spin-Coating

Spin-Coating (mentioned in Section 0) was used to deposit the active layer on top
of the bottom electrode. This method was chosen as it is relatively simple and cost-
effective compared to the other options in the same thickness range, like inkjet or
flexography. Moreover, this is one of the most commonly used methods for forming
high-grade PMMA films onto different substrates, so it is a well-optimized technique
[76]. When depositing PMMA embedded with nanoparticles, achieving an even
distribution throughout the polymer matrix is crucial. Spin-coating provides excellent
control over film thickness simply by varying parameters such as rotor velocity,
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acceleration and time, allowing for precise control of the PMMA thickness as well as a
good distribution of particles and reproduction of samples with the same properties.
After the Spin-coating process, the samples need to be cured in an oven, to allow the
evaporation of the solvent.

To produce the first devices the set of conditions present on Table 3, under the
“Initial Conditions” line, were used based on the literature and the team know-how.
During the production stage, to optimize the entire process, different parameters were
used. In Table 3 all the conditions are presented, being that the modifications from the
initial conditions are highlighted in grey. In the first stage (samples A and B) there was
only a change in the curing temperature. In the second stage (samples 1 to 6) all the
parameters were modified except for the acceleration and time of spinning. In the last
stage, both velocity, acceleration and time were altered, and the curing stage was the
same once it was realized that 60°C for 1 h was enough to cure the deposited layer.

Table 3 - Conditions used in the Spin-Coating and curing process.

Spin Coating Curing
Samples
Velocity (rpm) Acceleration (rpm/s) Time (s) Temperature (°C) Time (h)
Initial 1000 2000 30 60 2
Sample A 60 2
1000 2000 30
Sample B 40 48
Sample 1 500
60
Sample 2 1500
2
Sample 3 40
Zn0 2000 30
Sample 4 80
1000
Sample 5 1
60
Sample 6 3
Sample a 500 30
Sample b 1000 1000 10 60 1
Sample c 500
Initial 1500 2000 30 110 48
Sample A 1500 2000 30 40 48
Sample 1 1000
60
Sample 2 2000
TiO, 2
Sample 3 40
2000 30
Sample 4 80
1000
Sample 5 60 1

Sample 6 40 20
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3.2.2 Drop-Casting

Drop-casting is another commonly used method for the production of PMMA films
[77]. 1t simply consists of dropping the solution onto the substrate (approximately 0.5
mL) and allowing it to disperse itself. However, with this technique, the thickness of
the film cannot be uniformly controlled and easily reproduced. This method was used
to make sure the concentration of PMMA with nanoparticles was enough to form a film,
since the thickness is much higher than the spin-coated sample and to confirm some
properties in the electrical characterization step.

3.2.3 Sputtering - lon Beam Deposition (IBD)

lon Beam Deposition (IBD) from Commonwealth Scientific was used to deposit 50
nm of tungsten as top electrode, using a metallic shadow mask to define the 300 pm in
diameter circular electrodes. A base pressure of 5x107 Torr was first ensured and then
a working pressure of 1.4x10“ Torr under 5 sccm Argon flux, was used to pre-clean the
target during 3 min and then achieve a 0.51 A/s deposition rate.

3.3 - Characterization Methods

To gain a comprehensive understanding of the devices developed in this study, various
characterization methods were employed. These methods enabled the evaluation of both the
material properties and the electrical behavior of the devices. In this section, an overview of
the characterization techniques used is provided, focusing on scanning electron microscopy
(SEM), X-ray diffraction (XRD) and a profilometer for material properties, and electrical
characterization methods for assessing the behavior of the devices.

3.3.1 Scanning Electron Microscopy (SEM)

SEM is an imaging technique used to visualize the surface of samples at a high
resolution, providing information about crystal shape, surface morphology and
composition of the analyzed samples. Due to its high resolution, SEM can examine
aggregated nanoparticles individually, allowing the measurement of each particle. In
this technique, a focused beam of electrons is scanned across the surface of the
specimen. As the electrons interact with the sample, various signals are generated,
which are then detected and translated into an image [78]. SEM was used in the present
work to analyze the commercial nanoparticles of ZnO and TiO,, to confirm their size
and get more information on their morphology.

3.3.2 X-ray diffraction (XRD)

XRD is an analytical technique used both in single-crystal and polycrystalline
materials. By exposing the sample to a beam of X-rays, its interaction with the atoms
present causes constructive and destructive interference of the diffracted waves.
These are captured by a detector, and through mathematical analysis, can be
transformed into a diffraction pattern that reveals the unique arrangement of atoms in
the crystal [78]. The resulting diffraction pattern can be presented as a diffractogram.
On the y-axis is the intensity, whereas the scanning incident beam angle is displayed
on the x-axis. Through the peak intensities, information about the arrangement of the
crystals, the qualitative composition of the phases, and the symmetry of the space
group can be retrieved. Peak shapes and widths convey information about the size of
the crystallites, the presence of stacking faults, and the occurrence of antiphase
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boundaries [79]. Since each compound or phase exhibits a unique diffraction pattern,
specific substances within a mixture can be identified by comparing experimental
patterns with established databases.

Structural characterization was performed by X-ray diffraction (Rigaku SmartLab;
45 kV and 200 mA) at room temperature using Cu-K, radiation (1.540593 A) and the
Bragg-Brentano 6/26 geometry in the 10°-90° 20 range, with a step of 0.01° and scan
rate of 12°min"'. This method was used to study the ordering of both the embedded
nanoparticles and PMMA on top of the substrate. To achieve this, the nanoparticles
were placed in a Si sample holder for measurement. As for the PET-ITO substrate
samples and the PMMA embedded with nanoparticles deposited on top, they were
directly placed into the XRD machine to conduct the measurements.

3.3.3 Electrical Characterization

To proceed with the electrical characterization of the devices and allow for
different kinds of measurements, two different devices were used. In this section, the
experimental setup implemented will be presented as well as the operation modes.

A. Setup

As for the setup, two tungsten probes were connected to the top (probe itself
or 50 nm tungsten thin film) and bottom (130 nm ITO thin film) electrodes. The
voltage was always applied to the top electrode, whereas the bottom electrode
stayed grounded. The current flowing perpendicularly between the bottom and top
electrodes was then measured.

The probes were initially connected to a Keithley 2400-C SourceMeter, that
applied the potential to the device as well as read the current response. The
SourceMeter was used together with a homemade LabView interface, which
allowed for the manipulation of all the parameters needed. In a subsequent
experimental phase, another device was used to perform the measurements, the
ArC One hardware platform, together with its software, from ArC Instruments [80],
which allowed for better control of pulse width down to 90 ns.

Since the desired devices are meant to be flexible, all these measurements were
performed both with the device in flat and bent conditions, which can be observed
in Figure 11. For the flat measurements, one tip was positioned on the corner of
the device, specifically where no active layer was deposited (only ITO). The other
tip was placed on one of the circular electrodes (Figure 11 (A)). After testing the
electrical characteristics of the device in flat mode, different bent configurations
were tested, to evaluate its performance. The devices were bent at 30° [Figure 11
(B)] and at 60° [Figure 11 (C)]. During the bending, the tips were positioned
similarly to the flat mode. After the bent measurements, electrical measurements
were once again conducted with the device in the flat configuration.

B. Measurements

Specific measurements are commonly performed in memristive devices to
characterize their resistive switching (RS) behavior. These will be presented in the
sections that follow.
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Figure 11 - Setup used in the electrical measurements: (A) Flat mode; (B) Bent at
30°;(C) Bent at 60°.

(i) I-V Characteristics

This measurement involves applying a ramp voltage across the device and
measuring the resulting current. The I-V curve provides information about the
device’s resistance states, switching voltages and the magnitude of current
flowing in different resistive states. With these measurements, the resistance
of the device can also be monitored as a function of the stimulus, allowing for
the switching behavior, including the Set, Reset and stability of each state to
be determined.

The voltage sweep starts at zero, moves towards the positive potential,
with a step that can be manipulated (dV), returns to zero, moves towards the
negative potential and, once again, returns to zero (O V -> Viax -> 0V -> Vi -
> 0 V), as can be seen in Figure 12 (A). Asymmetrical measurements can be
performed, once the voltage ramp and its step can be manipulated separately
in the positive and negative ranges.

To make sure that the devices were not damaged under high current, the
first measurements were performed with the Keithley Sourcemeter, once it
allows the use of a lower current compliance (down to 0.001 pA), whereas Arc
One can only reach 10 pA. As it was observed that the tested devices did not
need a current compliance under the voltage values required to change the
resistive states, the Arc One was then used as preference.

(i1) Neuromorphic Properties

Neuromorphic behavior refers to the ability of a device or system to mimic
the behavior and functionalities of biological neural networks. Potentiation and
depression are synaptic functions that are key aspects of learning and memory.
The potential of RS devices to emulate these functions makes them susceptible
to achieving an accurate mimicking of the complex dynamics of biological and
neural networks, so the devices must present these properties.

Potentiation or Long-Term Potentiation (LTP), is a phenomenon observed
in biological synapses where repeated activation of a synapse leads to an
increase in the strength of the connection between two neurons [81]. In RS
devices, potentiation refers to the ability to increase the conductance or
decrease the resistance upon repeated stimulation, representing an increase
in the strength of the connection between two artificial neurons or artificial
synapses in a neuromorphic circuit.
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Figure 12 - Schematic of the different measurement routines applied to the
devices: (A) Voltage ramp for I-V Characteristics; (B) Pulses applied for evaluation
of the Neuromorphic Properties.

Depression, or Long Term Depression (LTD), is the opposite of LTP, representing a
weakening of the synaptic connection between two neurons due to reduced activation
[81]. In RS devices, it refers to the ability to decrease the conductance upon low-
frequency pulses or specific stimuli. This behavior can simulate a decrease in the
strength of the connection between artificial neurons or artificial synapses.

To test these properties, an ArC One routine was used, where the device was
subjected to consecutive positive and negative pulses, while its conductance was
retrieved. The amplitude of the positive and negative pulses, as well as the delay
between them, was manipulated. 100 consecutive positive and negative pulses were
applied, with the delay between them being 10 ms, 100 ms or 200 ms. An example of
the routine applied for this measurement can be observed in Figure 12 (B), where 100
2 V pulses were applied, with 100 ms of delay between them, followed by 100 -2 V,
also with 100 ms of delay between each one.

(iii) Endurance

Endurance is an important characteristic of RS devices, particularly in the context
of their application in non-volatile memory and neuromorphic computing. It refers to
the ability of a device to withstand repeated switching cycles without significant
degradation or failure [82].

Since measuring repeated |-V voltage sweeps might be a slow process, to test the
endurance of the devices, consecutive positive and negative pulses, that can transit
the device between resistive states, were applied. A routine from Arc One software
was used to perform endurance tests, over 500 positive and negative pulses, with 10
ms of interpulse.

(iv) Retention

Retention is also a key characteristic of RS devices. It refers to the ability of the
device to maintain its resistive state over time, even in the absence of external power
or stimuli. When a certain resistive state is set in an RS device, it should remain stable
for an extended period, ensuring reliable and persistent storage of information.

To measure it, the device was set to a resistive state with the respective pulse or
voltage ramp and the resistance was measured every second for one minute. Longer
measurements were also performed, where the retention was measured every second
for 2 min, 5 min and 10 min.



Chapter 4

Results

The characterization of RS devices is crucial for assessing their functionality, reliability,
and suitability for practical implementation. The primary focus of this chapter is to evaluate
the material properties, electrical characteristics, and performance of the RS devices, through
the analysis of the obtained results, allowing a deeper understanding of the devices fabricated.

4.1 - Material Properties

This section will focus on examining the material properties of the resistive switching
layers. Structural analysis techniques such as SEM, XRD were employed to investigate the
crystalline structure, size of the nanoparticles, material composition and ordering. In addition
to the techniques mentioned, a Leica optical microscope was also employed to further examine
the samples and provide a better understanding of their surface. Moreover, a regular
smartphone camera was employed to capture visual images for qualitative analysis of the
samples’ physical appearance.

4.1.1 Nanoparticles Size

In this study, SEM was used to confirm the size of the nanoparticles of ZnO and TiO,
used as well as get more information on their morphology. Figure 13 shows
representative SEM images of the nanoparticles used, highlighting their size and
morphology. Figure 13 (A) shows that the TiO, (30 nm) nanopowder exhibits a relatively
uniform size distribution of the particles, ranging from 24.88 nm to 43.27 nm, with a
mean of 33.56 nm and a standard deviation of 6.12 nm. Figure 13 (B) shows that the
TiO, nanopowder of 100 nm, has a lower mean, of only 64 nm, with particles from 49.20
nm to 75.21 nm, smaller than expected. When it comes to Figure 13 (C), SEM image of
the ZnO (100 nm) nanopowder, the nanoparticles present a uniform size between them,
but with a deviation higher than the TiO,, with the particles sizes ranging from 63.21
nm to 163.5 nm, with a mean of 114,14 nm and a standard deviation of 39.11. In all
the powders, the nanoparticles appear to have a spherical or near-spherical shape,
indicating their well-defined structure, allowing for precise size control, uniformity,
and efficient charge transport, all of which contribute to reliable and predictable
resistive switching behavior.
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Figure 13 - SEM images of the nanopowders used for the fabrication of the devices:
(A) TiO, 30 nm; (B) TiO, 100 nm; (C) ZnO 100 nm.

4.1.2 Crystalline Structure

In this work, XRD was used to study the ordering of both the embedded
nanoparticles and PMMA on top of the substrate, comparing the results with literature
diffraction patterns as well as the XRD of the nanoparticles. Figure 14 displays the
diffractograms of the 100 nm nanoparticles of ZnO and TiO, along with their diffraction
patterns when embedded in PMMA on top of the PET-ITO substrate, specifically with a
composition of 60% ZnO for Figure 14 (A) and 11% TiO, for Figure 14 (B). Additionally,
both figures show the diffractogram of the PET-ITO alone. Vertical lines in the diagrams
represent the literature diffraction patterns of the different materials, aiding in the
analysis of peak orientation.

When it comes to the XRD analysis of the ZnO and TiO, nanoparticles, the
diffraction peaks obtained match well with the literature diffraction patterns. These
peaks are clearly visible and indicate the presence of the respective nanoparticles.

When examining the XRD pattern of the PMMA embedded with ZnO on the PET/ITO
substrate, all the peaks from both the substrate and ZnO can be observed. However,
the peaks corresponding to the ZnO nanoparticles are less prominent. Nonetheless,
they are still discernible, indicating the presence of embedded ZnO within the PMMA
matrix.

In contrast, for the XRD pattern of the PMMA embedded with TiO, on top of the
PET/ITO substrate, the peaks associated with TiO, are not as prominent. The intensities
of these peaks are noticeably smaller and mostly coincide with the peaks originating
from the PET/ITO substrate. This suggests that the presence of TiO, within the PMMA
matrix is not as pronounced or has a lower concentration compared to the other
materials, which is expectable once its concentration in the PMMA is only 11%.

Considering PMMA's typical amorphous behavior, it does not exhibit well-defined
peaks in XRD analysis, so its presence cannot be proved with this technique.
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Figure 14 - XRD patterns of the nanoparticles alone and embedded in the PMMA
deposited on top of PET/ITO. The vertical lines represent the literature indexed
peaks of the different materials: (A) PET/ITO in grey, ZnO embedded in the PMMA in
black and ZnO 100 nm nanoparticles in brown; (B) PET/ITO in grey, TiO, embedded
in the PMMA in black and TiO, 100 nm nanoparticles in brown.

4.1.3 Layer thickness

A Bruker Dektak XT profilometer with 1 stylus force over a 500 pm range (15 pm/s)
was used to calibrate the thickness of the spin coated layers. A thickness of around
400+10 nm was obtained for a layer deposited under 1000 rpm for 10 s, as expected
from the literature [83].

4.1.4 Device’s architecture

An optical microscope was used to obtain a detailed examination of the device’s
surface. Although the nanoparticles (ZnO and TiO,) were roughly the same size 100 nm,
the TiO, ones appeared to be a bit smaller (with a mean of only 64 nm, when compared
to 114 nm from the ZnO), as observed in the SEM images from Figure 13. The samples
were produced with the same concentration of nanoparticles in the PMMA (11 %), same
curing time (60° C for 1h), but slightly different spin-coating parameters. The sample
embedded with ZnO was deposited at 500 rpm for 30 s, with 1000 rpm/s of
acceleration, whereas for the TiO, one, the velocity was 1000 rpm, spin-coated for 10
s at 2000 rpm/s of acceleration. On top of both samples were deposited the W circular
electrodes by sputtering. In Figure 15 both samples are represented through the optical
images obtained. In Figure 15 (A) and (C) can be seen the interface of the substrate
(PET/ITO) and the deposited layer on top, of PMMA with ZnO or TiO,, respectively. Like
it was observed at the naked eye, the ZnO sample presented a better distribution of
nanoparticles when compared to the TiO, one, which is now clearer with these images.
This might have happened due to the differences in the spin-coating parameters or the
different affinity that the nanoparticles might have with the PMMA. Figure 15 (B) and
(D) show the deposited circular electrodes. As these images were acquired after the
electrical measurements, some damage can be seen in some of the electrodes, as it is
the case of the one on the left corner of Figure 15 (D), in which the entire layer of both
the electrode and the PMMA were removed.



30 Results

Interface ITO/PMMA with ZnO W electrodes deposited on the PMMA with ZnO
, - I

(A) - - (8)

Interface ITO/PMMA with TiO.

(€ (D)

Figure 15 - Optical images of the final samples under 5x magnification: (A) Interface
between the substrate of PET/ITO and the PMMA embedded with ZnO (11%) deposited on
top; (B) Tungsten (W) electrodes deposited on top of the PMMA+ ZnO layer represented on
(A); (C) Interface between the substrate of PET/ITO and the PMMA embedded with TiO,
(11%) deposited on top; (D) Tungsten (W) electrodes deposited on top of the PMMA+ TiO,
layer represented on (C).

Some pictures of the final devices (11% of ZnO or TiO,) were taken with a regular
smartphone camera to illustrate its characteristics.

In Figure 16 (A) is represented the ZnO device in a flat configuration. As can be seen it
presents a very small thickness and is very transparent. In Figure 16 (B) and (C) is presented
the TiO, folded with the substrate of PET inwards and outwards, respectively. The flexible
character of the device is clearly seen here. Moreover, the deposited W electrodes can be
distinguished, as well as the interface between where the PMMA was deposited and the ITO.

(A) (o]

Figure 16 - Pictures of the final devices: (A) ZnO flat; (B) TiO, folded one way (with the PET
inside the curvature) and another (with the PET outside the curvature).
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4.2 - Electrical Properties
This section is dedicated to exploring the electrical characteristics and performance of

the system through a range of measurements, which plays a vital role in understanding the
behavior and functionality of the devices.

4.2.1 1-V Characteristics

A. Different Spin-Coating parameters

The |-V behavior of the devices was evaluated with the probe as the top
electrode and different voltage ramps were applied (namely 1/-1V, 1.5/-1.5V and
2/-2 V), with oV of 0.05 V.

In Figure 17 are represented the I-V curves from samples with 3 different spin-
coating conditions, when it comes to their spinning velocity and time, namely 500
and 100 rpm, for 10 or 30 seconds, with V=2 V and V= -2 V. When applying a
positive bias, from 0V to V. to 0 V all the samples performed RESET, which means
their resistance increased, going from a LRS to a HRS. When the opposite bias was
applied (0 V ->V;i» -> 0 V) a SET was observed, that is, the resistance decreased,
leaving the device in a LRS.

Both the 500 rpm device spun for 10 seconds, and the 1000 rpm spun for 30
seconds, showed similar behavior, with a difference in the switch in the 102Q order
of magnitude, and a ratio of around 1.6. The higher switches occurred in the 1000
rpm sample spun for 10 seconds with a difference of 2x103Q (ratio = 2.77), and 500
rpm spun for 30 seconds of 103 Q (ratio = 2.50), being that the latest presented the
most gradual transitions.

The sample spun at 500 rpm for 30 s showed the most pronounced resistance
transition, which may be explained by a thicker layer compared to the 1000 rpm.
However, regarding the 10 s vs the 30 s results, further studies are needed to
understand this influence.
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Figure 17 - I-V curves comparing the influence of the spin-coating parameters in samples
with 11% of ZnO.
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Figure 18 - |-V curves comparing the behavior of devices with different

concentrations of ZnO, with the current in logarithmic scale: (A) results
obtained from this work at ZnO concentrations of 11% vs 60%, with Vmax= 2V,
Vmin= -2 V; (B) Behavior of similar devices comparing different concentrations
of ZnO - 25% vs 50% provided from [57].

B. Different concentrations

This section presents the comparison of the |-V behavior of the devices with
different concentrations of nanoparticles, using the probe as the top electrode. As
it will be demonstrated, independently the concentration of the nanoparticles, all
devices showed RS behavior, from voltages ramps of 1/-1V, 1.5/-1.5V and 2/-2 V.
With the positive ramp, they switch to a higher resistive state (RESET), whereas
with a negative one, they switch to a lower resistive state (SET).

(i) 11% vs 60% ZnO

As can be observed in Figure 18 (A), the devices with both concentrations
of the nanoparticles showed resistive switching behavior. For the 11% of ZnO
the switch is from =1.4 kQ to =2.4 kQ (a difference of =1 kQ, ratio = 1.75) and
the 60% of ZnO from =3.1 kQ to =32.7 kQ (a difference of =30 kQ, ratio = 10").
This means that an increase in concentration leads to a higher distinction
between the two resistive states. Looking at the shape of the hysteresis, the
higher concentration device also presents a less abrupt switching behavior,
which is usually helpful in the control of the neuromorphic behavior.
Furthermore, a decrease in the current response when increasing the
concentration of the ZnO nanoparticles (from 11% to 60%) is observed. This is
not in total agreement with other works [Figure 18 (B)], that studied a film of
PMMA with 25% and 50% ZnO of around 70 nm [57]. A difference in the
thicknesses might explain the decrease in current, as well as a saturation effect
above 50% (our case). Note that the PMMA deposited on top of the ITO without
nanoparticles was also measured and did not show RS, so it is not shown.

Looking at the aspect of the samples, the one with higher concentration
of nanoparticles had more “blank spaces”, that clearly had no nanoparticles.
This might be explained because in higher concentrations of nanoparticles
aggregation is exacerbated, primarily driven by van der Waals forces.
Consequently, the particles tend to aggregate, leaving more areas occupied
solely by the PMMA matrix, that does not present RS behavior. The resulting
large clusters not only made it harder to measure the samples, but also made
the switching layer more susceptible to damage during measurements, leading
to compromised results. These were aggravated upon bent measurements, in
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which the 60% sample showed worst results, mostly because it was harder to
place the probes in a location where there were nanoparticles and more
damaged was being made upon measurements.

Comparing both, although the increase in concentration improves the RS
behavior of the device when flat, due to the higher aggregation of the
nanoparticles, this behavior is worse in bent measurements.

(i) 11% vs 20% TiO2

The same response was obtained in the TiO, devices produced with
different concentrations, the current was lower in the higher concentration
sample, however with a smaller discrepancy, when compared to the ZnO
devices. The curves obtained were very similar to the ones belonging to ZnO in
Figure 18. Once again in the higher concentration sample, there was a bigger
aggregation of the particles, leading to the same aggregation problems
mentioned.

C. Different Nanoparticles Size

This section presents the comparison of the |-V behavior of the devices with the
same concentration of nanoparticles with different sizes, namely 11% of TiO,
embedded in the PMMA, with 100 nm and 30 nm in diameter, using the probe as
the top electrode.

It is shown in Figure 19, that the 30 nm nanoparticles [Figure 19 (C)] tend to
aggregate more than the 100 nm ones [Figure 19 (B)]. This might have happened
because smaller particles tend to have a higher packing efficiency, allowing them
to be closer together in the PMMA matrix. On the other hand, larger particles may
require more space, resulting in a larger separation between each other.

Regarding their |-V behavior, their curves are of similar format and a SET is
performed with a negative voltage and RESET with a positive one. However, when
looking at the resistances, the 100 nm device switches from =2 kQ to =32 kQ, which
is a difference of 3x10* Q (ratio = 16), one order of magnitude higher than the
switch performed by the 30 nm one and with a ratio eight times higher (from =4 kQ
to =8 kQ, which is a difference of 4x103Q, ratio = 2). Also, since for 30 nm the
particles were closer together, it was more probable to only be measuring the
PMMA. Folded measurements were harder to perform on the 30 nm sample. This
makes the 100 nm particles more advantageous to the production of the devices.
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Figure 19 - Effect of the size of the TiO, nanoparticles: (A) I-V curves of the devices
produced with 11% of TiO, with 100 nm and 30 nm, with Vmax= 2V, Vmin= -2 V; (B) Image
of the sample with TiO, with 100 nm; (C) Image of the sample with TiO, with 30 nm.
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D. Effect of the circular electrodes

We further compare the |-V behavior of the devices when a W thin film is
deposited on as top electrode to when only the W probe is used.

The behavior of the ZnO device remained consistent with and without the
electrode under the same measurement conditions (6V = 0.05 V, Vmax =2V, and
Vmin = -2 V) when the device was in a flat state, as shown in Figure 20 (A). After a
few measurements with the device folded at 30°, the electrode and the active layer
were damaged, leading to the presentation of curves characteristic of the ITO. A
similar effect was observed when the electrode was not deposited. Figure 20 (B)
and (C) illustrate the behavior of the devices without and with the W electrode,
respectively, along with the curves obtained by measuring solely on the ITO. It can
be observed that the curves are similar in both shape and range, however it is to
take note that the sample with the electrode depicted very small currents, close
to the equipment resolution, leading to there being more noise. This observation
suggests that the active layer and the electrode were damaged by the tip during
the measurements, and the voltage ramp and I-V response was applied and coming
from the ITO layer. Note that the RS behavior changes, with SET taking place at
positive voltage and RESET at negative.

The same behavior happened in the TiO, device, although the electrodes made
the device more robust, especially when folded, allowing to improve the
measurements.

E. ZnO or TiO, embedded in PMMA with Tungsten (W) circular electrodes

In this section will be presented the |-V characteristics of the two optimized
final devices fabricated in this work. The devices consist of a layer of PMMA
embedded with nanoparticles (ZnO or TiO,, both at 11%) deposited on top of a
PET/ITO sheet, with circular W electrodes deposited on them. These can be
observed in Figure 16.

Different voltage ramps were applied for both devices, with a voltage step (V)
of 0.05 V, while remaining flat and bent (at 30° and 60°). Both devices showed two
different states, a high and a low resistive state, that were achieved through
different voltage ramps, namely (Viax =2V, Vimin = -2 V), (Vmax = 1.5V, Vpin = -1.5
V)and (Vimax = 1.5V, Viin = -1 V).
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Figure 20 - I-V curves comparing the behavior of ZnO devices with W electrode and probe
as top electrode:(A) Flat with Vmax =2V, Vmin = -2 V; (B) Comparison between the device
without the electrode, at 30° with Vmax = 1.5V, Vmin = -1.5 V and the ITO |-V response
with the same parameters; (C) Comparison between the device with the electrode, at 30°
with Vmax = 2V, Vmin = -2 V and the ITO I-V response with the same parameters.
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Throughout the measurements it was observed that their behavior was stochastic,
meaning that with the same exact conditions they presented different current and resistive
responses, as it is typical in these types of devices. However, all of them presented curves
that indicate that their switching is bipolar, once that the V¢ is smaller than Vegser. Also,
with a positive voltage ramp they switch to a higher resistive state (RESET) and with a
negative voltage ramp they return to the low resistive state (SET), and the best results were
obtained with (Viax =2V, Vimin = -2 V).

The |-V performance of the devices under different conditions is illustrated in Figure 21.
In Figure 21 (A) are represented the |-V curves obtained for the ZnO device in the three
configurations, flat, bent at 30° and at 60° in a different electrode, with (Viax =2 V, Viin =
-2 V). Similarly, in Figure 21 (B) are represented the |-V curves obtained for the TiO, device
in the same three configurations, for the same voltage ramps.

Comparing the performance in both devices flat, the TiO, device had a higher switch,
going from a lower resistive state (=353 Q compared to =926 Q from the Zn0O), to a higher
one (=4224 Q and =2295 Q from Zn0), leading to the current response being almost double
compared to the ZnO device.
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Folding the devices at 30° and performing measurements in the same electrode,
it was observed that it started to get damaged, and the I-V curves obtained started
to invert, meaning that with a positive voltage ramp they switch to a lower resistive
state (SET) and with a negative voltage ramp they return to the high resistive state
(RESET), as can be seen in both figures in grey. After a few tests this was proved to
be the curves obtained measuring on the undeposited ITO, which means that both
the PMMA + nanoparticles layer, as well as the electrode were entirely removed
with the probe upon repetitive measurements. This can be observed in Figure 15
(D), in the electrode in the left lower corner. Although in different ranges, the
behavior in both devices folded at 30° was similar, with a resistance ratio of around
3.

Changing electrodes, a few more measurements were performed, especially at
60°. Still preserving their VCM resistive switching, the resistance in both devices and
their switching interval between states lowered, when compared to the same
conditions measuring the device flat.

As for each device, it seems that the folding arrangement increases the current,
maybe because with the folding, the deposited layer becomes thinner. In this case,
the 30° fold triggered a decrease in the current, due to the measurements being
performed on the ITO layer.

In the ZnO device, the flat and bent at 60° configuration resulted in a similar
switch, with a difference of around 1 kQ and a ratio of 2.5, going from (=926 Q to
=2.3 kQ and =707 Q to =1.8 kQ). In the TiO, device, the flat measurement resulted
in a switch higher than both the fold measurements, with a difference of resistive
states of almost 4 kQ, ratio = 12. As for the 60° configuration, the switch was smaller
with only a difference of around 600 Q (=284 Q to =864 Q) and a ratio of 3.

A few consecutive measurements were also performed on the devices flat, with
the same electrical parameters, (Vmax = 2 V, Vimin = -2 V) and éV= 0.05 V. In Figure
21 (C) and (D) are depicted the 3 consecutive measurements on the ZnO and TiO,
devices, respectively. As can be seen, with each consecutive measurement, the
current increases in both devices, being than in the ZnO the increase is more
noticeable of around 1 mA between measurements. In the TiO, device, although the
current before the RESET is similar, as soon it occurs, a difference of around 1 mA
is also noted between measurements. When it comes to the resistance switch
between states, it is clear that the first measurement has the highest ratio (4 Q for
Zn0 and 12 Q for TiO,). The ratio between states in the TiO, device declines with
the measurements. From the first to the second measurement there is an 82%
decrease, whereas the second to the third, there is a 36% decrease, but with the
LRS similar between samples. In the ZnO device, the LRS decreases with the three
measurements. From the 15tto the 2" there is a 70% decrease in the ratio between
resistive states, whereas from the 2" to the 3 there is a 25% increase.

4.2.2 Endurance

In this chapter will be presented the characterization of the devices when it comes

to their endurance.

A. Zn0O or TiO, embedded in PMMA with Tungsten (W) circular electrodes
To characterize the endurance of the devices is to analyze whether they can
withstand repeated switching cycles without significant degradation or failure.
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In Figure 22 is represented the behavior of the devices upon 1000 consecutive
positive and negative pulses (with 10 ms interpulse), capable of switching the
device between resistive states (2 V and -2 V). Once again, these measurements
were performed with the devices flat, bent at 30° and 60°.

Comparing the results in the flat devices it is clear that the ZnO device,
although presenting a lower conductance gap than the TiO, (0.1 mS for the ZnO and
1 mS for the TiO,), could maintain its conductance state over the course of the
measurement, with more stability. However, when folded at 30°, the switching
between states was very low (0.0001 mS), probably not due to the folding itself,
but due to the damaging of the top electrode during the measurements. This
measurement was repeated in different electrodes, but although they showed RS,
the endurance behavior was similar to the presented. For 60° fold, there is a
decrease in the resistance gap, with the ON conductance slightly decreasing and
the OFF increasing.

Both the 30° and the 60° folds in the TiO, device have improved performance
when it comes to the endurance, with the conductance gap increasing
approximately 0.1 mS from flat to 30° and 30° to 60°, being that the latter shows
more stability, while both flat and bent at 30° configurations suffer alterations in
the first 300 cycles, before stabilizing. Interestingly, the ZnO devices presents
better endurance when flat, whereas the TiO, endurance seems better when
folded. This might happen because the active layer might become thinner in folded
measurements, and this can be favorable in terms of endurance for the TiO, device.

In terms of endurance, some results were observed in other samples produced
with different conditions, but the final devices presented better performance.
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4.2.3 Retention

In this chapter will be presented the characterization of the devices when it comes

to their retention.

A. ZnO or TiO, embedded in PMMA with Tungsten (W) circular electrodes

The retention of the devices is evaluated by their capacity to maintain a certain
resistive state for a period. In Figure 23 is represented the behavior of the devices
after being placed in a HRS with a SET pulse or voltage ramp, where their resistance
was measured every second for a period, with a reading pulse of 0.5 V represented
by the black line in each plot. The devices were then set to a LRS and once again
their resistance was measured every second (red line). These measurements were
performed with the devices flat, bent at 30° and 60°.

When both devices were flat, their retention was satisfactory, showing a clear
separation between the two states over 5 and 10 min for ZnO and TiO,,
respectively. For ZnO some fluctuations of the ON state were observed after 5 min
and the TiO, device shows a slightly higher gap between the resistive states, as the
conductance goes from =0.5 mS to from =1.5 mS (A=1 mS), whereas in the ZnO it
goes from =0.6 mS to from =0.95 mS (A=0.35 mS).
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When folded at 30° an unusual behavior is observed for both cases, with the
OFF conductance even seeming to be higher than the ON conductance. As this is
unreasonable, the most likely explanation is that the measurements were
performed on the ITO layer. This explains why after a positive voltage the
conductance is high instead of low and why it is low after a negative voltage [see
Figure 20 (B)]. When the measurements were performed at 60°, the retention of
the devices seemed to improve compared to the previous fold. The ZnO device was
able to maintain its retention for a longer time (2 min), whereas the TiO,, started
to present some changes after 30 s, with both resistive states lowering after this
period. Also, for these measurements the difference between resistive states was
even higher, when compared to the flat configuration (ATiO,=1.3 mS and AZn0=0.5
mS). These results show that the PMMA with nanoparticles has non-volatile RS
behavior when flat and folded since both devices are able to maintain their resistive
state in the different configurations.

B. Effect of the other parameters

The effect of the W deposited electrodes, different concentration of the
nanoparticles in the PMMA, their size and different spin-coating parameters did not
seem to make much of a difference when it comes to the retentions of the different
devices.

4.2.4 Neuromorphic Properties

In this chapter will be presented the characterization of the devices when it comes

to their neuromorphic properties.

A. Zn0O or TiO, embedded in PMMA with Tungsten (W) circular electrodes

To analyze the neuromorphic behavior of the devices, their ability to present
depression (decrease in the conductance, LTD) and potentiation (increase in the
conductance, LTP) must be considered.

In Figure 24 is represented the behavior of the devices upon 100 positive and
100 negative pulses, capable of transitioning the devices between resistive states
(2 V and -2 V). These measurements were performed while the devices were flat,
bent at 30° and 60°, and varying the interpulse between 10 ms, 100 ms and 200

ms.
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Figure 25 - Non-linearity curves obtained for the ZnO and TiO, final samples, together with
the fitted curve. Values of AS and R? are also discriminated: (A) ZnO flat; (B) TiO, 60° fold.

The best results were chosen to be presented, namely ZnO flat and TiO, bent
at 60°, with 100 ms of interpulse. It was expected that with the positive pulses the
devices presented LTD and with the negative pulses, LTP. Upon examining the
results, it becomes evident that both performed accordingly, presenting LTD and
LTP. An evident shift towards a higher conductive state as soon as a negative pulse
(SET) is applied is also clearly observed.

A further analysis was performed to determine the Asymmetry (AS) of the
curves and their coefficient of determination (R?). AS was calculated through the
difference of Non-Linearity (NL) of each of the curves (LTP and LDP), extracted
through the WebPlotDigitalizer [84]. For learning applications in neuromorphic
devices, AS should be inferior to 1, and as close to 0 [85]. R? is as close to one as
the data points fit the fitted line, so this should also be taken into account. These
results are presented in Figure 25. In both situations, an apparent LTP and LTD are
noted. When looking into the other parameters, the best results were obtained by
the TiO, sample, when folded at 60° [Figure 25 (B)]. AS is inferior to one and closer
to zero when compared to the ZnO sample [Figure 25 (A)] and shows a better fit to
the line (R? values are both closer to one).

Considering all these situations it can be said that both samples show promising
results for this matter, by showing clear LTP and LDP and good values of AS, which
are crucial aspects of the learning process.



Chapter 5

Conclusions and outlook

The research presented in this work highlights the potential of flexible resistive switching
devices as a breakthrough in future implantable neuro devices. By addressing the limitations
of rigid devices, these flexible devices offer improved interface and adaptability to the soft
tissues of the human body.

The traditional von Neumann computing architecture, with separated memory and
processing units, faces challenges due to increasing data size, resulting in energy and time
inefficiencies. Memristors, a novel device class with resistive switching, offer a solution
inspired by the brain's functioning, where memory integrates data storage and processing. This
eliminates data movement issues between separate units and mimics synaptic behavior, once
their switching behavior between two or more states of resistivity resembles synapses. These
characteristics make memristors ideal for the novel neuromorphic computing architecture, as
well as a great option to be used in implantable neuro devices. On the other hand, the rigidity
of existing implantable devices pose challenges for interface and adaptability in the soft, high-
water content tissues of the human body.

Combining the memristors capabilities to mimic the human functioning and the lack of
implantable devices able to accommodate to the human body, here a solution is presented as
a contender to combine these two topics and create a flexible resistive switching device,
capable of being used for neuromorphic applications, such as nonvolatile memories and
artificial neuromorphic arrays for wearable and implantable devices.

The device stacks were fabricated using scalable spin-coating and sputtering techniques.
The active layer consists of PMMA embedded with TiO, and ZnO nanoparticles, deposited onto
a PET/ITO substrate, where the ITO functions as the bottom electrode. For the top electrode,
tungsten circular electrodes were deposited on top of the active layer.

During fabrication various parameters were studied, namely the concentration of
nanoparticles in the PMMA solution and their size, and the spin-coating parameters. The effect
of depositing the tungsten circular electrode with sputtering or using the tungsten microtip as
top electrode was also considered. Regarding the spin-coating parameters, the best I-V
behavior was achieved at 500 rpm for 30 s and 1000 rpm for 10 s. When it comes to the different
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concentration of nanoparticles, it was found that a higher one improves the RS behavior of the
devices when flat, but its behavior is worse with bent measurements. Analysing the difference
in the nanoparticles size, it was observed that the bigger particles (100 nm) performed better
in flat and bent measurements, comparing to the smaller ones. The deposition of the circular
electrodes, although not making a difference in flat measurements, proved to leave the device
more robust, especially when folded.

The final devices, were produced with the conditions that allowed better results after
testing with all the varying parameters. They had 11% concentration of nanoparticles (ZnO or
TiO,) and the same curing time (60° C for 1h), however, the sample embedded with ZnO was
deposited at 500 rpm for 30 s, with 1000 rpm/s of acceleration, whereas for the TiO, case, the
velocity was 1000 rpm, spin-coated for 10 s at 2000 rpm/s of acceleration, implying a thinner
active layer.

A few characterization techniques were used, namely XRD, SEM, profilometer and an
optical microscope were applied to analyse the composition and surface morphology of the
devices. To investigate further into the RS behavior of the devices, a set of electrical
measurements was conducted using tungsten microtips, a Keithley 2400 SourceMeter and Arc
One hardware platform to understand the functionality and behavior of the devices.

In the devices produced both with ZnO or TiO,, resistive switching (RS) was achieved under
applied voltage for flat and bent configurations (30° and 60° folding configurations). These
devices exhibited bipolar RS behavior, with SET at negative voltage and RESET at positive. This
means that the resistance could be changed from high to low or vice versa, depending on the
polarity of the applied voltage. Furthermore, the devices displayed RS characteristics of the
valence change mechanism (VCM). In both devices it was clear that the folding configuration
promotes an increase in the current, most likely because it makes the deposited layer thinner
due to the bending. Comparing the performances in both devices, it was found that the TiO,
devices was overall capable of higher resistance switches and current response comparing to
the ZnO ones.

After demonstrating the presence of resistive switching (RS) in the devices and analysing
their behavior, their endurance, retention and neuromorphic properties were assessed.
Regarding the endurance of the devices when flat, the ZnO presented more stable results,
however, the resistance gap between states proved to be, once again, smaller than the TiO,
device. The endurance of the ZnO device seemed to worsen with folding configurations,
whereas for the TiO, one the opposite occurred. This might mean that a thinner layer in this
device is favorable for its endurance, once with folding measurements the layer seemed to get
thinner, while for the ZnO one it seems to be detrimental. An analysis of the retention of the
devices proved that when flat it was very adequate, even though the ZnO device presented
more instability. The devices were overall considered to be non-volatile when flat and bent,
once they were able to maintain the resistance state they were set to. Additionally the 60°
bend also seemed to improve this characteristic in both devices, most likely due to the
favorable thinning of layer, promoted by the folding configuration.

Furthermore, an analysis to the neuromorphic properties of the devices was performed.
The ZnO sample in its flat state and the TiO, sample when folded at 60° exhibit promising
outcomes in this regard. They demonstrate evident long-term potentiation (LTP) and long-term
depression (LDP), which are essential aspects of the learning process. Because the devices
produced needed higher voltages than the order of magnitude of neural signhals to present RS,
their validation with neural signals could not be implemented in due course. However, as a
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future work, the process used to test their neuromorphic capabilities would be to simply use
neural signals data and apply the voltage to the terminals of the device, after converting to
the appropriate voltage range, and measuring its response.

Overall, it can be said that both devices have the capability to be implemented for their
intended use, once they showed promising results when it comes to their RS behavior. However,
it is important to address certain flaws that have been identified in order to further enhance
their performance. One significant aspect that requires improvement is the behavior of the
devices when subjected to bending or flexing. As the devices are intended to be flexible, it is
essential to ensure that their performance remains stable even in bent configurations. The
observed neuromorphic behavior is a key area that demands attention and improvement.
Furthermore, it would be interesting to do additional tests such as electrical measurements
under varying temperature to better understand the underlying phenomena responsible for the
RS behavior.

The development of flexible resistive switching devices represents a significant
breakthrough for neuromorphic applications, offering enhanced adaptability and interface
capabilities with the soft tissues of the human body. By overcoming the limitations of rigid
devices, these flexible devices hold tremendous potential for revolutionizing the field of
neuroprosthetics. Moreover, the findings of this study contribute to the advancement of
personalized and effective neuromorphic devices, with far-reaching implications for various Al
applications beyond neuroprosthetics. The learning capabilities and flexibility of these devices
enable their application in diverse fields, such as robotics, computer vision, natural language
processing, and autonomous systems. The synergy between neuromorphic devices and Al
algorithms promises to propel the development of intelligent systems that can learn, adapt,
and interact with their environment in a more human-like and efficient manner. Another
advantage of these devices for future applications is their transparency to light and the
interesting light interaction coming from ZnO and TiO, nanoparticles, that could be useful in
smart optoelectronics.
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