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Symbols
• A -  area

• c -  concentration

• C -  capacitance

• d -  thickness

• e -  permittivity

• η -  constant related to the voltage induced conductance increase in the 

phenomenological model

• f -  frequency

• G -  conductance

• I -  current

• j -  imaginary unit

• L -  inductance or length

• M -  memristance

• μ -  mobility

• u -  weighted sum of the input signals

• U -  voltage

• q -  charge

• r -  distance

• R -  resistance

• p -  viscosity
• t -  time

• T -  temperature

• τ -  constant related to the spontaneous relaxation in the phenomenological model

• w -  synaptic weight

• ω -  angular speed of rotation angular speed of rotation

• φ -  flux-linkage

• Z -  impedance
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Abbreviations
• 2AFC -  2-Alternative Forced Choice

• 3M2R bridge -  3 Memristor 2 Resistor bridge

• Ag -  silver

• Al2O3 -  aluminium oxide

•  ANN -  Artificial Neural Network

• BSE -  Backscattered Electrons

• CoBr2 - cobalt (II) bromide

• ITO -  indium tin oxide

•  LTD -  Long Term Depression

•  LTP -  Long Term Potentiation

•  OFET -  Organic Field Effect Transistor

• OPV -  Organic Photovoltaic

• R-P3HT -  Regio regular poly(3-hexyltiophene)

• P4VP -  poly(4-vinylpyridine)

• PE -  Primary Electrons

• PSS -  poly (sodium 4-styrene sulfonate)

• PVD -  Physical Vapour Deposition

• RMS - Root Mean Square

• R-P3HT -  Regio regular poly(3-hexyltiophene)

• SE -  Secondary Electrons

• SEM -  Scanning Electron Microscopy

• SIMS -  Secondary Ion Mass Spectrometry

• SiO2 - Silicon dioxide

• SNN -  Spiking Neural Network

•  TiO2 -  Titanium dioxide

•  TOF -  Time of Flight

• Triflate - trifluoromethanesulfonate
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Theses
The aim of this thesis is to investigate the principle of operation of a new type 

of an organic memristive device and characterize its response to different stimuli. 

Within the framework of this thesis the following research questions are addressed:

1. How do the direct interactions between R-P3HT and P4VP influence the device's 

conductance?

2. What is the principle of operation of the studied system?

3. How does the ion enrichment influence the operation of the device?

4. How does the device respond to various stimuli?

5. How the processes occurring in the device can be described mathematically?

6. What is the outcome of different connections between devices?

7. Is it possible to emulate some of the neuronal functions using the device or its

model?
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Abstract
The topic of this thesis, a memristive device, is a subject of a relatively new field 

of research. Before their first physical realisation, this class of devices was only theorised, 

however, since their discovery, the memristive devices received a lot of attention from 

scientists working in various research areas.

Due to their unique features, memristive devices are studied not only in terms of their 

physics, as new dynamic systems, but also in terms of their possible applications. 

One specific branch of research on memristive devices receives a lot of attention. 

Due to rapid technological progress observed in the past years, the CMOS architecture is 

getting inevitably closer to its physical limitations. Moreover, the von Neumann 

bottleneck remains a big obstacle limiting the data transfer rate between CPU and 

memory. To overcome this issue new computing paradigms emerged, among them 

neuromorphic computing, which aims to utilize memristive devices as building blocks 

of next-generation computing architectures.

This thesis focuses on an organic memristive device with a unique principle of operation, 

which was not reported in the literature until today. It is based on long-range interactions 

between mobile ions in a polymer matrix and a dipole-induced electric field originating 

from the insulating layer, which acts as a separator between ions and the conducting layer. 

Throughout the framework of this thesis, its' extraordinary principle of operation as well 

as its' features are explored to fully characterize the system. Moreover, the research was 

extended to different types of ions to study the systems' dynamics. Based on these 

findings, the systems phenomenological model was created and shown to exhibit the key 

features of the devices. This work is completed by the study of the device's utility 

in neuromorphic applications, showing that it is a promising candidate for a building 

block of future computation architectures.
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Streszczenie
Tematem niniejszej pracy doktorskiej jest urządzenie memrystywne, będące obiektem 

stosunkowo nowej dziedziny badań. Przed pierwszym doniesieniem o doświadczalnej 

realizacji urządzeń należących do tej klasy istniały jedynie teoretyczne założenia 

o ich istnieniu, jednak od ich odkrycia, urządzenia memrystywne zdobyły 

zainteresowanie ze strony naukowców pracujących w różnych obszarach badawczych.

Z uwagi na ich unikalne cechy, urządzenia memrystywne są badane nie tylko pod kątem 

fizyki, jako nowych systemów dynamicznych, ale także pod względem ich możliwych 

zastosowań. W szczególności jedna konkretna gałąź badań nad urządzeniami 

memrystywnymi cieszy się dużym zainteresowaniem. Ze względu na szybki postęp 

technologiczny obserwowany w ostatnich latach, architektura CMOS zbliża się 

nieuchronnie do swoich ograniczeń fizycznych. Ponadto wąskie gardło w architekturze 

von Neumanna pozostaje dużą przeszkodą ograniczającą szybkość transferu danych 

między jednostką obliczeniową a pamięcią. Aby przezwyciężyć ten problem, pojawiły 

się nowe paradygmaty obliczeniowe, w tym rozwiązania inspirowane funkcjonalnością 

mózgu, które mają na celu wykorzystanie urządzeń memrystywnych jako podstawowych 

elementów architektury układów scalonych nowej generacji.

Niniejsza praca doktorska skupia się na organicznym urządzeniu memrystywnym 

o unikalnej zasadzie działania, która nie była dotychczas opisywana w literaturze. 

Opiera się ona na oddziaływaniach dalekiego zasięgu pomiędzy ruchomymi jonami 

umieszczonymi w matrycy polimerowej a polem elektrycznym indukowanym przez 

warstwę izolującą, która dodatkowo działa jako separator między jonami a warstwą 

przewodzącą.

W ramach tej pracy doktorskiej została zbadana zasada działania oraz cechy urządzeń 

w celu pełnej charakteryzacji układu. Ponadto badania zostały rozszerzone na różne 

rodzaje jonów w celu zbadania dynamiki procesów zachodzących w układzie. 

Na podstawie tych wyników stworzono model fenomenologiczny układu, który 

odzwierciedla wszystkie kluczowe cechy urządzeń. Praca zwieńczona została badaniami 

możliwości zastosowania urządzeń w układach neuromorficznych, pokazując, że są one 

obiecującymi kandydatami na elementy budulcowe jednostek obliczeniowych 

przyszłości.
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CHAPTER One — Introduction

Like many great inventions, the memristive device, which is the subject of this 

dissertation, has been discovered by accident. The aim of this chapter is to provide 

an overview of the studied system and the observed phenomena, to explain the main idea 

behind this dissertation. Moreover, to provide insight into the motivation for this research, 

the chapter presents the current state of the art in the field of memristive devices. 

By doing so, I hope readers will gain a better understanding of the research context 

and significance.

1.1. Scientific context of the research
The study of memristive devices and their unique characteristics, such as their principle 

of operation and application in neuromorphic systems, is a relatively new field 

of research. Although the concept of a memristor, a device that combines features 

of a resistor and a memory cell, was introduced in 19711, the physical realization of 

a similar device, known as a memristive device, was only presented in 20082. Since then, 

the rapid technological progress has sparked significant interest in these devices, as they 

have the potential to overcome the memory-processor bottleneck in von Neumann 

computer architecture and reduce high energy consumption related to information 

processing.

Memristive devices have many potential applications, including non-volatile memories 

that could replace flash memories in the future3. However, the primary focus 

of researchers is on combining the memory effect of memristors with their ability 

to perform information processing. The human brain is a natural example of such a unit 

due to its ability to learn and perform parallel processing. This has inspired 

the development of neuromorphic computing, which involves the use of memristive 

devices in crossbar arrays for brain-inspired computing4.

The device must meet requirements related to scalability, performance, and reliability5 

to be an effective building block in a neuromorphic system. Additionally, the device must
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be capable of emulating synaptic plasticity, which is responsible for the brain's ability 

to learn by modifying the strength of synapses. The strength of a synapse, known 

as synaptic weight, can be adjusted for varying periods of time. Short-term Plasticity 

(STP) is a significant synaptic plasticity function that involves a temporary strengthening 

of synaptic weight. STP can last for a few minutes before fading away and is thought 

to be crucial for information processing in the human brain6,7.

Most of the memristive devices reported in literature rely on non-organic materials, which 

offer high electrical stability, repeatability, and endurance. However, in recent years 

many organic materials-based memristive devices have emerged, with the benefit 

of being both biocompatible and biodegradable, providing at the same time electrical 

properties comparable to non-organic devices. Despite different principles underlaying 

their memristive character, the devices share a common feature: a pinched hysteresis loop 

in their current-voltage characteristics.

1.2. Introduction and research motivation
The study of memristive device, which is the subject of this thesis, is a continuation 

of previous investigation conducted in our group8. The main idea behind this research 

originated from the study of polymeric matrix of poly(4-vinylpyridine) (P4VP) cross­

linked by a cobalt (II) salt bound within it. According to the results of this study, cobalt 

(II) bromide (CoBr2) forms complexes with the pyridine rings present on the surface 

of the P4VP film. The bonding between cobalt (II) bromide and the nitrogen atom in 

the pyridine ring leads to reordering of the surface located pyridine rings, due to 

the formation of these complexes. As pyridine rings have non-zero dipole moment, 

the findings of this research brought an idea to incorporate the crosslinked P4VP as an 

insulator in an Organic Field Effect Transistor (OFET) and learn, whether the dipole 

moment-induced electric field influences the operation of the device.

While investigating the OFET, which comprises of regio regular poly(3-hexyltiophene) 

(R-P3HT, a semiconductor), P4VP (an insulator), CoBr2, and poly(3,4- 

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, as a gate), the time 

evolution of the device's current-voltage characteristics has been measured, 

and the outcome has been observed in a form of the hysteresis loop. The observed effect 

is a trait characteristic for a another class of devices, called memristive devices, and 

the findings of the mentioned study have been the main idea behind this dissertation.
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Given that the initial investigation of the evolution of the OFET's characteristics 

is a subject of my previous work9, only the most relevant findings are presented herein.

In the early stage of the research, the device was prepared as an Organic Field Effect 

Transistor with a gate consisting of PEDOT:PSS. During the device testing, an abnormal 

feature, the conductance increase with each subsequent measurement, has been observed. 

As seen in Figure 1.1, measurements performed alternatively for 50 V and 0 V gate 

voltage revealed a consistent increase in the current flowing through the transistor with 

each subsequent measurement, regardless of the gate voltage value. This result implies 

that the device could operate as a two-terminal device without application of the gate 

potential, as the device operates under 0 V gate voltage. It also suggests the existence 

of phenomena responsible for the current increase in the system. Such behaviour 

is indirect evidence of the dynamically altered conductivity of the system.

Figure 1.1. The drain current measured as a response to the gate voltage alternated between 0 V and 
50 V, the inset in the bottom right corner illustrates the scheme of the device

On the other hand, the observed effect of conductance variation has been attributed to Na+ 

ions stabilizing the PSS molecule in the gate material. The Na+ ions are relatively small 

and mobile; therefore, we assumed that the external potential applied to drain and source 

electrodes forces the ion displacement, causing a change in the overall distribution of 

the electric field in the channel of the device. However, to be able to prove this hypothesis,
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the existence of the dipole-induced electric field, which increases the conductance 

of R-R-P3HT, had to be proved.

To separate these two effects, the conduction increase and the time evolution of 

the system, the devices were prepared in a two-terminal geometry to study only the first 

effect. As it is a subject of our different work10, only the most relevant findings, which 

are essential to understand the operation of the device, are presented herein.

The devices consisting of R-P3HT, P4VP and CoBr2 have been investigated in terms 

of conduction increase related to the distance between the semiconductor and the dipole 

layer10. The results of this study demonstrated that the value of current in the modified 

devices increases by an order of magnitude compared to the reference samples. 

Both device types were fabricated with a consistent P4VP film thickness of 64 nm 

to preserve the distance between the dipole layer and the semiconductor. 

The plot, presented in Figure 1.2, shows the results of average current values with 

standard deviations calculated from five different device measurements. As depicted, 

the current increase in Co-modified devices is significant, up to an order of magnitude, 

compared to reference devices.

Figure 1.2. Current- voltage characteristics measuredfor reference (blue circles), and Co-modified devices 
(red squares), the inset illustrates the scheme o f both systems
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1
In theory the dipole moment-induced potential depends on the distance r as .

As depicted in Figure 1.3, the thickness of the P4VP layer, which is equivalent to

the distance between the dipole layer and semiconductor, impacts the current flow 

through the device in a way, which is consistent with the theoretical prediction.

Figure 1.3. Current flow through the channel of Co-modified devices for a 50 V bias as a function of the 
P4VP film thickness, scheme of the device is depicted in inset. The brown line shows the experimental data 
fitted to the equation in which current flowing through the device depends on the P4VP thickness as 1

Through these findings, the presence of a dipole-induced electric field, which introduces 

additional potential into the device channel and increases the conductance of R-P3HT, 

has been demonstrated. These findings are relevant to the hypothesis about 

the modulation of electric field intensity caused by ion mobility, which manifests itself 

in the form of a hysteresis loop.

To understand the second effect observed in the system, the time evolution of devices' 

current-voltage characteristics, the system was prepared in the initial architecture 

as a two-terminal device with PEDOT:PSS layer exchanged to PSS. The material change 

was dictated by the aim to simplify the system and gain more control over 

the hypothesized ion migration.

In the two-terminal system, the PSS serves as a polymer matrix, stabilized by sodium 

ions, which is further admixed with potassium ions (K+). The addition of potassium ions 

is dictated by a larger ionic radius of K+, which should manifest in the devices'
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performance, and change the dynamics of relaxation processes. PSS, despite containing 

sodium ions, was selected as a matrix material as it produces consistent layers 

with precisely defined thickness, which was an issue with other materials considered 

for this purpose.

The current-voltage characteristics of a device measured in between each preparation step 

are presented in Figure 1.4. As depicted, the current measured for the R-P3HT increases 

after the deposition of the P4VP layer, and the next step, CoBr2 modification, increases 

the values of the measured current even further. As mentioned earlier, the conduction 

increases with each consecutive preparation step, up to this point, is attributed 

to the dipole moment-induced electric field. However, the device behaviour 

is significantly altered by the deposition of a PSS layer enriched with 1% of K+ ions. 

The introduction of a polymer matrix containing a reservoir of mobile ions leads 

to the appearance of a hysteresis loop in the device's current-voltage characteristic. 

The measured current values suggest dynamic conductance modulation in the system, 

which can be attributed to the interactions between ions in the PSS layer and the P4VP 

layer. It is also noteworthy to notice the direction of conductance changes, as indicated 

by arrows, which is very uncommon.

Figure 1.4. Current-voltage characteristics measured between consecutive preparation steps
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The appearance of a pinched hysteresis loop in the current-voltage characteristic 

of the device classifies it as a memristive device with, up to this day, a new principle 

of operation. This dissertation aims to study this novel type of organic memristive device 

and explore its suitability for integration into neuromorphic systems. The investigation 

includes the study of the device's unique principle of operation, its response to various 

stimuli, and its ability to mimic synaptic plasticity, which is a critical feature 

for mimicking the learning processes occurring in the human brain. The aim of this work 

is to contribute to the development of field of organic memristive devices as a promising 

alternative to non-organic materials. The goal of this research is to identify the potential 

of these devices as a building block for next-generation neuromorphic computing 

systems.

7



CHAPTER Two -  Theoretical background

The aim of this Chapter is to introduce the most important concepts necessary 

to understand the topics covered in this thesis. At first, this theoretical background 

provides a short introduction to memristor and memristive devices based on symmetry 

between the four passive elements. It is followed by a review of memristive devices based 

on phenomena underlying their memristive character and the choice of the materials. 

At last, the concept of neuromorphic computing and Spiking Neural Networks is briefly 

introduced in the context of possible applications of memristive devices and the direction 

of trends in future research.

2.1. Memristive devices
The concept of a memristor, a fourth passive circuit element, was introduced by Leon 

Chua in 19711 long before its' physical realization. The name of the element combines 

its two features memory and resistance, meaning that the devices' resistance depends 

on the past events11. Its existence was predicted based on conceptual symmetry between 

the capacitor, resistor and inductor, shown in Figure 2.1. The equations describing this 

symmetry are given by:

dq =  C dv  for capacitor, (2.1)

dv  =  R di for resistor, (2.2)

dφ =  L di for inductor, (2.3)

where: q -  charge, C -  capacitance, v -  voltage, R -  resistance, φ - flux-linkage, 

L -  inductance. Two relationships -  dq = idt and dφ = v dt -  combine Equations 2.1-2.3 

and were used to formulate the equation describing memristor as:dφ =  M dq, (2.4)

where M relates to memristance.
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Theoretically, the memristor combines a relationship between charge q and φ flux- 

linkage, however, up to this day there were no reports in literature of devices, which 

satisfy this requirement12. Therefore, the devices reported so far can be classified 

as a more general group called memristive devices.

Figure 2.1. Conceptual symmetry of passive circuit elements

Memristive devices are believed to be a promising candidate for artificial synapses, which 

can be further integrated with crossbar arrays13. However, due to their unique features, 

they are believed to find different applications, for example as sensors14. 

Another interesting application is to use memristors in multi-level memory devices15, 

due to multiple resistance states of some of the reported systems.

There are many reports of different realizations of memristive devices, varying in utilized 

materials or origin of memristive character, however, they all have one common feature, 
which is a pinched hysteresis loop16.

Based on this feature, the first reports of memristive-like devices date back to the 19th 
century to arc lamp17, followed by coherer18 and hydraulic computers11.

The first experimental realization of a memristive device was reported in 2008 by Strukov 

et. al.2 in a TiO2-based device. Since then, it has been a heavily investigated field 

of research, not only in the field of physics and materials science. What is interesting, 

memristive character can also be found in nature, for example, it was reported in Venus 

flytrap19, aloe vera film20, skin21, and many more22-24 showing the diversity of the field 

of memristive devices research.
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2.2. Classification -  materials and origin of hysteresis
Since the discovery of the first memristive device, there have been various reports 

of dynamic systems with parameters evolving in time. The memristive character was 

reported in devices utilizing both inorganic as well as organic materials.

Most of the reported inorganic memristive devices are based on transition metal 
oxides2,25,26. An interesting example of a memristive system is a resistance-switching 

device consisting of layers of co-sputtered Ag and Si active layer25. The gradient of Ag/Si 

mixture ratio results in Ag-rich (high conductivity) and Ag-poor (low conductivity) 

regions in the device. The Ag particles incorporated in the Si layer are responsible for 

conducting front formation in the system, which under the applied bias stays 

in continuous motion and changes the resistance of the whole device.

New memristive systems utilizing polymers, organic molecules, perovskites, 
or nanoparticles have emerged only recently3,27-29. The memristive nature of a device can 

vary depending on the characteristics of the materials involved in the process, 
e.g., conductive filament formation 25,30, charge trapping/detrapping31, reversible redox 

reactions32, ion migration33 or phase transitions31,34. An interesting example of an organic 

memristive device based on conducting filament formation has recently been reported 

in a system utilizing cross-linkable polymer33. Neuromorphic arrays based on this system 

are reported to operate with high electrical and mechanical endurance due 

to the predefined localized ion migration paths in the polymer medium.

Another example of the developed memristive device is an artificial synapse network 

based on the proton-doped nanogranular SiO2 in the laterally coupled transistor geometry. 

In this system, memristive effects, measured as post-synapse current flow between drain 

and source electrodes, are caused by proton migration under presynaptic pulse, defined 
as pulse applied to gate35.

In almost every reported memristive device there is a reversible switch between two 

conduction mechanisms resulting in on-resistance state and off-resistance state. 

In 2020 Lu et al36. showed an artificial synapse system based on reduced graphene oxide, 

where conductivity is continuously modified during the increase and decrease of voltage. 

To this day it is the only example of such a device reported in literature.

Memristive devices can be also based on their ability to store information. 

Volatile devices are characterized by limited information retention time after which time
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their conductance decays to its initial state37. On the contrary, the non-volatile devices 

remain in their programmed state until they are reprogrammed to a different one38.

2.3. Neuromorphic computing and synaptic plasticity
The idea of neuromorphic computing was inspired by the structure and behaviour 

of the human brain. The brain is capable of processing information using energy-efficient 

and high-density neural networks39, which consist of neurons and synapses. The aim 

of neuromorphic computing is to mimic the brain's functionality by incorporating 

artificial neurons and synapses into neuromorphic chips. By doing so it is believed to 

be a promising solution to the von Neumann bottleneck40.

In one of the first mathematical descriptions of neurons, they serve as processing units 

capable of input signals (xι , x2, x3, ...) summation41. On the other hand, the synapses, 

which are connections between neurons, inform us about the strength of these 

connections42. They are responsible for the storage of synaptic weights (w1, w2, w3, . ) ,  

which multiply the respective input signals. The input signals received by the neuron are 

weighed by the synaptic weight, also called synaptic strength, and summed:

u =  ∑i=0 WiXi , (2.5)

where u stands for the weighted sum of the input signals. It is further subject to a non­

linear activation function, for example, sigmoid function41.

Artificial Neural Networks (ANNs) are based on this concept and consist of artificial 

neurons, also called nodes, which are interconnected by artificial synapses43. 

The networks consist of multiple layers, where we can distinguish an input layer, at least 

one hidden layer and an output layer, as shown in Figure 2.2.

Figure 2.2. Schematic representation of an Artificial Neural Network
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The input signal is fed into the input layer, which passes it through the network. 

The hidden layers transform the input data allowing the network to learn and return 

the output39. As the neurons in the hidden layer are connected to the input neurons with 

different weights, the algorithms used to train the network optimise the weights to obtain 

the desired output.

Looking at this problem from a device perspective, artificial neurons, which can 

successfully emulate the behaviour of biological neurons, can be achieved using CMOS 

technology44. However, to mimic the synaptic functions the devices must meet the criteria 

such as the ability to store and adjust the information. Therefore, volatile memristors 

are perfect candidates for artificial synapses, as they are dynamic systems with resistance 

spontaneously evolving in time. Based on this feature, memristive devices can emulate 

some of the basic synaptic functions. Among these is synaptic plasticity, a mechanism 

responsible for the brain's ability to learn by modifying the synapse strength based 

on the activity of the neurons connected to it.

One of the most prominent synaptic plasticity functions is Short-term Plasticity associated 

with a temporal strengthening or weakening of synaptic weight. Short-term Plasticity can 

last for a few minutes before it fades away and is believed to be responsible 

for the processing of information in the human brain7,33.

The emulation of Short-term Plasticity has been reported in the literature

as an incremental change of systems conductance caused by consecutive potentiating

(Short Time Potentiation - STP) or depressing (Short Time Depression -  STD) 
pulses25,45,46. If the synaptic strength is modified for a longer period it is considered 

as a Long-term Plasticity (LTP) which can last for weeks.

Another important synaptic plasticity modulation is Spike-timing Dependent Plasticity 

(STDP), which demonstrates the synaptic adaptation rule for Hebbian learning. 

The change of STDP depends on the timing of pre-synaptic (tpre) and post-synaptic (tpost) 

spikes. Usually, the time difference between spikes is defined by:

∆ t p r g Δ tp 0sf (2.6)

If the pre-synaptic neuron spike precedes the spike of post-synaptic neuron (Δt > 0) 

it leads to Long-term Potentiation (LTP), otherwise, when Δt < 0, Long-term Depression 

(LTD) occurs.
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The STDP measurements are performed by applying the pre-and post-synaptic signals 

to the device's terminals and measuring the system's conductivity change as a function 

of the time difference between both signals25.

2.4. Spiking Neural Networks
Spiking Neural Networks (SNNs) are a different approach to brain-inspired computing. 

They are based on principles similar to ANNs, however, they employ learning rules 

and neuronal computations similar to the biological networks47. They operate 

in continuous time using discrete electrical signals to communicate within the network. 

Thanks to the short voltage spikes used in learning and inference, the SNNs are less 
power-consuming than ANNs43.

Spiking Neural Networks' model incorporates the concept of time into its operation43. 

The spikes arrive at the neurons in so-called spike trains and the neuron fires only after 

reaching a certain threshold. Therefore, its' activity is based on the temporal correlation 

between the spike occurrences. This feature is believed to be applicable when dealing 

with dynamic information, for example, speech or visual gesture recognition48.

Volatile memristors are believed to be good candidates for synapses in SNNs due to their 

volatility, meaning that after the spiking action the memristors' resistance, which changes 

as a response to the spike, will spontaneously go back to its initial state42 , just like 

in biological neurons. The timing between the spikes is essential in the SNNs information 

transfer, therefore the memristors for SNNs are required to emulate the STDP function.

Memristors were already reported to be successfully incorporated into neuromorphic 
systems as synapses integrated with CMOS technology49,50. They are believed 

to be a future building block of neuromorphic chips due to their high energy efficiency 

and high on-chip density. The neuromorphic architectures using memristors as synapses 

offer parallel computing, which is performed at the same location as data storage. 

This gives the advantage of a reduced data transfer rate and avoids the memory wall 

issue51. As the memristive device technology is still relatively new, there are many 

obstacles and limitations to overcome, therefore most of the reports refer to single devices 

or small-scale prototypes.
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CHAPTER Three — Materials and methods

This chapter presents the materials and methods utilized within the scope of this thesis. 

The Materials section includes the main features of the materials and substrates used 

in the sample preparation process. The Methods section is divided into two parts. 

The first part covers the substrate cleaning and sample preparation procedures, 

emphasizing the importance of utilizing appropriate methods and tools to maintain 

the research quality and reproducibility. The second part of the Methods section concerns 

the techniques utilized to characterize the samples. It provides a brief description 

of the experimental methods utilized throughout this dissertation, allowing for 

an understanding of the methods' principles and the obtained results.

3.1. Materials
3.1.1. P3HT
Poly(3-hexyl thiophene) (P3HT) is one of the most commonly used p-type organic 

semiconductors. Because of its high carrier mobility, performance, and facile synthesis, 
it is often used in OFETs as a semiconductor or in OPVs as a donor52,53. 

Moreover, the crystallinity degree of P3HT, which plays a role in terms of its 
conductivity, can be increased by thermal annealing54,55.

The P3HT chain consists of thiophene units and hexyl side chains. The side chain 

is responsible for the monomers' asymmetry and higher solubility, enabling material 

deposition from solution. However, the presence of a side chain is also responsible 

for the limitation of the backbone's conformation. Within the framework of this thesis, 

a Regio regular P3HT (R-P3HT) was utilized in the sample preparation process. 

The specification of the material is presented in Table 3.1.
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Table 3.1. Specification of R-P3HT used within the framework of this thesis
Full name Poly(3-hexyltiophene)
Synonym P3HT
Chemical structure (C4H2S)n

3.1.2. P4VP
Poly(4-vinyl pyridine) (P4VP) is an insulating polymer. Its monomer contains a pyridine 
ring and the vinyl functional group. Due to the presence of the pyridine rings, 
the monomer has a permanent dipole moment. P4VP has the capability of creating 
coordination bonds with other substances, which is another notable characteristic of this 
compound.
The nitrogen atom in the pyridine ring facilitates the formation of chemical bonds with 
other compounds, in particular with metal ions, forming strong complexes56. 
The specification of the material is presented in Table 3.2.

Table 3.2. Specification of P4VP used within the framework of this thesis
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3.1.3. Cobalt (II) bromide
Cobalt (II) bromide (CoBr2) is an inorganic compound consisting of a d-block metal

center -  cobalt -  and two bromide atoms. The complex possesses a high dipole moment, 

and the cobalt atom enables chemical bonding with other compounds. These two 

properties were utilized to crosslink the surface of a P4VP film with the CoBr2, 

introducing an additional dipole moment to the system. Moreover, when the surface 

of P4VP is modified, the pyridine rings on the insulator's surface rearrange themselves, 

resulting in a greater overall dipole moment of the crosslinked system. 

The details of the material is presented in Table 3.3.

Table 3.3. Specification of CoBr2 used within the framework of this thesis
Full name Cobalt (II) bromide

Chemical structure CoBr2

Chemical structure .Co
Br ^Br

Molecular weight 218.74 g/mol

Form and colour Blue powder

Solvents Acetonitrile

Concentration 20 mg/ml in acetonitrile

Supplier Sigma-Aldrich

3.1.4. Al2O3

Aluminium oxide (Al2O3) is an inorganic compound consisting of aluminium and oxygen 

atoms. Al2O3 is an electrical insulator with a wide bandgap, between 5.1 - 8.8 eV, 

depending on the synthesis method57, and high breakdown reliability58 making it suitable 

for various electronic applications. For instance, it can be used as a gate dielectric 
in transistors59 or as a gas diffusion barrier60,61. The Al2O3 thin films can be deposited 

using Physical Vapor Deposition methods, which feature was exploited in this doctoral 

project.

3.1.5. PSS
Poly (sodium 4-styrene sulfonate) (PSS) is a polyelectrolyte consisting of Na+ cation and 

C8H7NaSO3- anion. PSS is commonly used in a mixture with poly(3,4-ethylene 

dioxythiophene) (PEDOT) in order to stabilize the latter molecule. PEDOT:PSS is one
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of the most commonly used organic materials in the field of organic electronics due to 

its' high conductivity, transparency, and stability62.

In this thesis, PSS was employed both as a reservoir of sodium cations and as a matrix 

for materials containing other ions. The properties of PSS used in this work are listed 

in Table 3.4.

Table 3.4. Specification of PSS used within the framework of this thesis
Full name Poly (sodium 4-styrenesulfonate)

Synonym PSS

Solvents Water, lower glycols

Concentration 20 mg/ml in distilled water

Supplier Sigma-Aldrich

3.1.6. Trifluoromethanesulfonate
Trifluoromethanesulfonate (CF3SO3-) is a functional group commonly known as triflate. 

The triflate anion exhibits weak coordination with the metallic cation. This property 

makes triflate salts a good reservoir of mobile ions and was utilized in this work to 

introduce sodium, potassium, and lithium ions into the polymer matrix. The properties of 

triflates are presented in Table 3.5. Triflates have found various industrial applications, 

from serving as reagents or catalysts in organic reactions to being used as electrolytes in 

lithium-ion batteries.
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Table 3.5. Specification of triflate salts used within the framework of this thesis
Full name Sodium

trifluoromethanesulfonate
Potassium
trifluoromethanesulfonate

Lithium
trifluoromethanesulfonate

Synonym Sodium triflate Potassium triflate Lithium triflate
Chemical CF3SO3Na CF3SO3K CF3SO3Li
structure

Molecular
weight

172.06 g/mol 188.17 g/mol 156.01 g/mol

Form and 
colour

White powder White powder White powder

Solvents water
Concentration 20 mg/ml in distilled water
Supplier Sigma-Aldrich

3.1.7. Ammonium salts
Ammonium salts consist of an ammonium cation and an inorganic anion. They 
characterize high solubility in water and were utilized in this thesis as an agent 
introducing mobile anions to the polymer matrix. The ammonium salts utilized in this 
dissertation are ammonium fluoride, ammonium chloride, and ammonium bromide. Their 
properties are presented in Table 3.6.

Ammonium salts are commonly used in industry. Ammonium chloride and ammonium 
sulphate serve as fertilizers in agriculture and are considered to be the primary sources of 
nitrogen.

Table 3.6. Specification of ammonium salts used within the framework of this thesis
Full name Ammonium fluoride Ammonium chloride Ammonium bromide

Chemical NH4F NH4Cl NH4Br
structure
Chemical
structure

Molecular
weight

37,04 g/mol 53,49 g/mol 97,94 g/mol

Form and 
colour

White, crystalline 
solid

White, crystaline solid White, crystalline solid

Solvents water
Concentration 20 mg/ml in distilled water
Supplier Sigma-Aldrich
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3.1.8. S161 substrates for OFET
The Indium tin oxide (ITO) glass substrates for OFET were used as substrates in the 

process of sample preparation. The ITO finger electrodes are prepatterned on a glass 

substrate and act as the source-drain electrodes, enabling the preparation of 5 devices 

at once. The channel dimensions of 30 mm x 50 μm minimise the contact effects 

due to their relatively large size. The specification of substrates used in this work 

is presented in Table 3.7.

Table 3.7. Specification of OFET substrates used within the framework of this thesis
Substrate size 20 mm x 15 mm
Channel dimensions W × L: 30 mm × 50 μm
ITO thickness 100 nm
ITO resistance 20 Ω / square
Supplier Ossila
Product code S161

The scheme of substrates used in this thesis is shown in Figure 3.1. The yellow regions 

correspond to ITO electrodes deposited on glass substrate.

Figure 3.1. Scheme of the S161 OFET substrate63
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3.2. Experimental methods
3.2.1 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a non-destructive surface characterization technique 

providing information about the sample topography and mechanical properties in the 

nanoscale64. One of its advantages is the possibility to image both conductive and 

insulating samples with atomic and molecular resolution65.

The technique utilizes a sharp tip attached to a cantilever, which when brought close to a 

surface, interacts with it. The information about the changes in the cantilever position 

corresponds to the change of force between the tip and the sample. It is collected by a 

quadrant photodiode, which detects a signal from a laser beam reflected by the cantilever, 

as shown in Figure 3.2. Therefore, the change in force between atoms at the tip and the 

atoms at the surface causes deflection of the cantilever, providing information about the 

sample topography64. The measured force depends on the distance between the tip and 

the surface as well as on their properties. The resolution of an AFM image is related to 

the geometry of the tip66, as the sharper the tip the better the resolution can be achieved.

Figure 3.2. Schematic illustration of AFM working principle

There are three main modes of operation in AFM measurements: contact mode, non­

contact, and tapping mode. In the contact mode, the tip, and the surface stay in contact 

throughout the imaging, whereas in the non-contact mode, the cantilever is oscillating in 

close proximity to the surface and the changes of amplitude, caused by interaction with

20



the surface, is recorded65,67. In the tapping mode, the cantilever is oscillating vertically, 

making intermittent contact with the scanned surface. The mode provides higher 

resolution compared to contact mode by avoiding lateral-tip force68.

The AFM can operate in various mediums, for example, air, vacuum, or liquid, which 
makes it a very useful and universal technique65,67. The technique has been employed 

throughout this dissertation to characterize the morphology of the prepared samples 

in air.

3.2.2. Electrical Characterization
The current-voltage measurements were performed under an argon atmosphere using 

a computer-controlled Keithley 2400 source meter unit.

The direct current-voltage characteristics were measured within the -50 V to 50 V range 

with a 2.5 V/s step.

The current-time measurements were performed using custom voltage sequencies with 

switching times below 125 ms for each measurement type, if not stated differently. 

Temperature dependency measurements were performed in a vacuum chamber using 

Keithley 2400 as a source meter unit and Eurotherm 2416 temperature controller. 

In order to cool down the sample to liquid nitrogen temperature it was brought in contact 

with a cold finger. Next, the contact between the sample and the cold finger was broken, 

and the current response of the sample was measured at eight chosen points, 

at temperature ranges: 1) -148.9°C to -149.6oC, 2) -123.5°C to -122.5oC, 3) -80.5°C to 

-80.0°C, -54.0oC to -52.0oC, 5) -20.9°C to -20.0°C, 6) -2.5°C to 0°C, 7) 8.0°C to 9.0°C, 
and 8) 22.4°C to 22.5°C. The current was measured as a response to voltage sequences 

of -50 V, -10 V, and 10 V. During the experiment the temperature of the sample was 

raised to room temperature at a slow rate without external heating.

3.2.3. Ellipsometry
Ellipsometry is a method providing information about thin films' refractive index and 

thickness, in some cases providing measurement accuracy within A69. The technique 

measures changes in light polarization upon its' transmission or reflection on the surface 

of the sample. The method is suitable to characterize a wide range of samples, 

which reflect laser light.
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Figure 3.3. Schematic illustration of Ellipsometry measurement setup

In the experiment, as shown in Figure 3.3, a light with a well-defined polarization state 

is directed onto the sample. The light is reflected on the surface of the sample and changes 

in its polarization are measured and further analysed. The technique provides information 

about the layer thickness, surface roughness, electrical conductivity and many more. 

It was utilized throughout this dissertation to determine the thickness of individual layers.

3.2.4. Impedance Spectroscopy
Impedance Spectroscopy (IS) is a method, which allows characterisation of resistive and 

capacitive properties of materials. It is useful in studies of ionic and electrical conduction 

and can be performed in a wide range of frequencies70. During the impedance 

measurement mode, which is the equivalent of resistance in AC measurements, a response 

to the applied single-frequency voltage or current is measured. Usually, the impedance 

measurements are performed in the frequency domain, providing information about 

impedance vs. frequency dependency. As different conduction mechanisms have their 

own characteristic relaxation frequencies, impedance measurements performed in a wide 

range of frequencies can help to identify them.

The impedance measurements allow to measure its' two components: the real part Z ' 

and the imaginary part Z ''. The real part can be interpreted as an energy loss or resistance 

and the imaginary part can be interpreted as capacity. The impedance, as a complex 

function, can be given by:

Z  =  Z ' +  jZ "  (3.2)
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where j is the imaginary unit. The graphical representation of impedance can 

be accomplished using the Nyquist plot, which presents the dependence between 

the negative imaginary part (-Z '') and real part (Z') of impedance71.

Additionally, impedance spectrometry allows us to determine the dielectric properties 

of materials in the frequency domain. It provides information about the permittivity 

of materials, and the relationship between the loss factor tanδ, the real part of permittivity 

e’ and the imaginary part of permittivity e” can be calculated as:

e "tanδ = — . (3.3)€f v 7

The permittivity can be determined from materials’ capacitance C and the samples’ 

geometry -  layer thickness d and electrode area72 A -  as follows:

, _  Cd 
eθA

(3.4)

where e0 is vacuum permittivity. The relationship between the imaginary and real parts 

of the permittivity can be illustrated using Cole-Cole plot73.

Impedance Spectroscopy has been utilized in this research to study the relaxation 

processes occurring in the sample. As ion mobility influences the operation of the device 

to a great extent, findings of the IS measurements played an important role in 

the development of this project.

3.2.5. Spin coating
Spin coating is a method of thin film deposition. It allows depositing a layer with a well- 

defined thickness on a flat surface. In this method the material is cast from solution, 

therefore, in the case of laterally arranged samples, the choice of appropriate solvent plays 

the key role in ensuring that the bottom layers are left intact. This technique is often used 

to deposit thin polymer films due to its’ ease of use, low cost, and no need to provide 

vacuum conditions.

The process of film deposition can be divided into three consecutive steps. In the first 

step, a small amount of material solution is being casted on a still or slowly spinning 

substrate. Next, the substrate is set in rotational motion at high speed. Due to centrifugal 

force, the liquid is distributed on the surface and an excess of the solution drops down 

from the substrate. In the last part of the spin-coating process, the remaining solution 

drops off the substrate edges resulting in the formation of a thin film of material.
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The film thickness d of the deposited material can be controlled by three factors: angular 

speed of rotation ω , concentration c , and the viscosity of the solution p 74. 

The relationship between these parameters is given by:

3.2.6. PVD
Physical Vapour Deposition (PVD) is a method of thin film deposition from a vapour 

phase. Throughout the process, the atomized or vaporized material is emitted from the 

source, also called the target. It can be carried out through plasma technology, sputtering, 

thermal evaporation, gas sources, and other methods75.

After being extracted from the target, the deposited material condensates on a substrate 

atom by atom or molecule by molecule. The thickness of the resulting film can vary 

between angstroms and millimetres, depending on the PVD technique76. In order 

to reduce film contamination, the whole process takes place in a vacuum environment.

3.2.7. Magnetron Sputtering
Magnetron Sputtering is a type of Physical Vapor Deposition (PVD). It is a method of 

thin film deposition based on the sputtering of the deposited material in an inert gas 

environment.

Figure 3.4. Scheme of Magnetron Sputtering Process

During the process, the deposited material, often referred to as the target or cathode 

undertakes a phase transition to vapour phase. In order to do so, the target is bombarded
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with energetic ionic gas, which originates from magnetron77. As a result, the target 

is sputtered releasing atomic-sized particles which further condense on the substrate 

forming a film. Figure 3.4 illustrates a schematic diagram of Magnetron Sputtering 

process.

Among PVD processes, Magnetron Sputtering allows for more control over grain size 

and stoichiometry of deposited films78. Therefore, the technique is widely used in industry 

to deposit high-quality films of a variety of materials77. These features have been 

employed in this dissertation to deposit a thin film of Al2O3 without any substantial 

damage to the inner layers of the sample.

3.2.8. Profilometry
Profilometry is a method of surface profile measurement. It enables to record 

2-dimensional and 3-dimensional images of the surface provide information about 

the profile of the sample and its roughness. The technique utilises a stylus to scan 

the surface of a sample and generate its' image79. During the measurement, the stylus 

is in contact with the surface, which in certain conditions, for example, soft matter, 

can lead to sample deformation. During the measurement, the contact force, distance, 

and velocity of the stylus can be adapted. In the case of the 2D measurement the stylus 

is moved vertically, however in the 3D measurement, the stylus is moved both vertically 

and laterally at the set measurement step resulting in a 3D map of the surface. 

In this doctoral thesis, the profilometry technique was utilized as a complementary 

technique to determine the thickness of individual layers.

3.2.9. Scanning Electron Microscope (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique which is based 

on the interaction between a focused electron beam and the sample. It provides 

information about the sample topography and chemical composition, which combined 

with high resolution, even up to 1 nm80 for some SEMs, makes it a technique that 

is widely utilized in science and industry.

The first SEM was built in 1935 by Knoll and was limited in resolution to 100 μm. 

The theoretical explanation of the methods' principle was introduced in 1938 by von 

Ardenne and has remained unchanged up to this day81. The operating principle of SEM 

lies in the interactions between the focused electron beam and imaged sample and, 

in terms of working principle, is analogical to optical microscopy, where instead
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of a focused electron beam, light is used as an illumination source82. The use of electrons 

rather than light is dictated by their shorter wavelength, which allows us to obtain higher 

imaging resolution by overcoming the diffraction limit of light. The scheme of the SEM 

experimental setup is shown in Figure 3.4.

In order to image the sample using SEM, a high-energy electron beam is focused 

on a sample causing the sample response in the form of electrons or X-rays which are 

further analysed.

The electron beam is emitted in the electron gun. Its energy can be adjusted according 

to the type of imaged sample. Accelerated electrons are further focused in a column 

consisting of electromagnetic lenses and apertures. To prevent the interactions between 

the electron beam and gas molecules the SEM operates in high vacuum environment. 

This allows to obtain high imaging resolution.

Electron Beam

Detector

Sample

Election Gun

Anode

Magnetic
Lenses

Figure 3.5. Scheme of Scanning Electron Microscope

When the high-energy electron beam, also known as Primary Electron (PE) Beam, 

reaches the imaged specimen, it interacts with it, and, as a result, electrons or X-rays are 

released from the sample. The Primary Electrons interact with atomic nuclei and electrons 

of the specimen, resulting in their scattering or absorption. As a result of such 

an interaction between PE and the specimen, signals such as Secondary Electrons (SE), 

Backscattered Electrons (BSE), X-rays or light (cathodoluminescence) can be generated. 

The PE Beam interacts with the specimen in the near-surface area, meaning that the PE 

interact not only with the surface but also with atoms within a certain depth of a sample. 

This teardrop-shaped interaction volume, as shown in Figure 3.6, depends on the atomic
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number (Z) of the specimen, its' density, and the energy of the Primary Electron Beam. 

The interaction volume increases with the higher kinetic energy of the PE, however 

in terms of the atomic number and density of the sample, the higher these quantities 

the lower the interaction volume.

Primary
Electrons Auger

ElectionsSecondary
Electrons Backscattered 

1 Electrons

Cathodoluminescence

SAMPLE

Figure 3.6. Illustration of interactions between the Primary Electron Beam and the imaged specimen and 

the resulting sample responses

Two of the most commonly used signals generated in SEM are SE, which inform about 

the topography and morphology of the specimen, and BSE which provide contrast 

between domains differing in chemical composition.

The SE are a result of inelastic interaction between PE and the sample. The PE, through 

energy transfer, eject the electrons from the valence or conduction bands of the specimen. 

The SE mean-free path is very short, which means that the information from the deeper 

parts of the specimen is absorbed by the specimen. This leads to highly localized 

information about the topography and morphology of the surface and regions in the near­

surface, allowing for the high resolution of imaging.

On the contrary, BSE provide information from deeper regions of the sample and are 

a result of the elastic scattering of PE. The BSE are PE which are backscattered 

or reflected back by interacting with the specimen atoms. The contrast between different 

elements is related to their atomic number (Z). Because the electrons are backscattered 

stronger by elements with higher atomic numbers, the signal from these elements appears 

to be brighter compared to elements with lower atomic numbers.

The outcoming signal is further analysed providing qualitative information about 

the topography, morphology, chemical composition and many more.
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3.2.10. Simulations
The simulations presented in this thesis were performed using Python programming 

language. The simulation parameters were selected to match the experimental parameters 

of the selected measurements. The model of the device and detailed description 

of simulations is the subject of Chapters Five, Six and Eight.

3.2.11. White Light Reflectance Spectroscopy (WLRS)
Spectroscopic Reflectometry is a method of determining a thin film's thickness. 

The method is non-destructive and utilizes a light beam, as shown in Figure 3.7 in black. 

During the measurement part of the incoming light beam is reflected from the surface 

(orange), and part of it is transmitted inside the thin film (grey) being further reflected 

at its' bottom interface (green). Through the multiple reflections, the interference 

of the beams occurs (blue)83. The ratio of the intensity of the outgoing and incoming 

waves, called reflectance, is further detected, and analysed allowing us to calculate 
the layer thickness of the specimen84,85.

Figure 3.7. Scheme of Spectroscopic Reflectometry measurement. The orange beam is a beam reflected 
from the surface, the blue one is the beam which is a result of interference between the beams reflected 
from the surface (orange) and the one reflected at the interface film-substrate (green)

3.2.12. Time-Of-Flight Secondary Ion Mass Spectrometry (TOF SIMS)

Time-of-flight (TOF) Secondary Ion Mass Spectrometry (SIMS) is a technique used 

for a detailed analysis of chemical composition. It relies on an analysis of the mass 

spectrum of secondary ions emitted from a specimen's surface after it is bombarded 

by energetic primary ions or particles.

The secondary ions are only a small part of species emitted as a result of surface
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bombarding. The majority of emitted species are neutral, therefore they cannot 

be detected and further analysed by the mass spectrometer.

As mentioned before, the method uses a beam of ionized particles, called a primary beam, 

to sputter the imaged surface and analyse the secondary particles emitted from the sample. 

The sputtered ions are analysed in terms of their mass based on their time of flight. 

Ions with different masses will differ in their time of flight to the analyser allowing 

to detection of a complete mass range in a single event86. The schematic illustration 

of the TOF-SIMS is shown in Figure 3.8.

Reflection

Detector

Sputter Ion 
Source

Extractor
Focusing
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Electron Flood Gun

Primary 
Ion Source

Target I

Figure 3.8. Schematic illustration of TOF-SIMS experimental setup

There are two basic modes of SIMS: static mode, which utilises a single ion gun to analyse 

the surface, and dynamic mode with two ion guns: a primary gun to analyse the surface, 

and a sputtering gun to reveal the inner layers of the sample for further analysis. 

Although the technique is regarded as a destructive one, one of the modes 

of the measurements, static mode, damages only the surface of the sample.

In the static mode, the technique provides information about the chemical composition 
of the surface. In this mode, an extremely low dose (less than 1013 ions per cm-2)87 

of primary ions, emitted from the primary gun, is used to bombard the surface. 

Such a low dose means that throughout the whole experiment, less than 1% of atoms 

or molecules on the top of the surface are impacted by the primary ions. As a result, 

statistically, no spot on the surface should be hit by primary ions more than once within 

the experiments' time scale. It also means that most of the specimens' surface remains 

unchanged or insensible to local effects of sputtering or removal of various species, 

leading to over 95% of the detected secondary particles originating from the top two 

layers of specimen86. Hence, the static mode of SIMS is, in some cases, regarded 

as a technique which does not lead to sample damage.
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In contrast, the dynamic mode of SIMS gives us additional insight into samples' bulk 

properties, for example, it allows us to determine the depth distribution of compounds, 

by obtaining 3D profiles of the sample. This extra information is obtained through 

subsequent sputtering of the sample with the sputtering gun, to reveal the inner layers 

of the specimen without introducing too much damage to the revealed surface, followed 

by the primary ions from the analysing gun, which sputter the revealed surface to analyse 

its composition. As a result, the dynamic mode of the measurement causes irreversible 

damage to the sample, providing at the same time very precise information about the 

depth profile of the sample. The importance of using a proper sputtering gun for a specific 

sample type should be stressed, as it impacts the depth and yield of sputtering. 

For example, using polyatomic ion beams proves to be more appropriate while profiling 

organic samples, as they penetrate to lower depths causing less damage and enhancing 

sputter and secondary ion yields for molecular secondary ions88.

3.3.Preparation methods

3.3.1. Material solutions preparation
The materials solutions were prepared in glass vials with Teflon-secured cups. To ensure 

cleanliness, they were weighed using spatulas, previously cleaned in an isopropanol 

ultrasound bath.

R-P3HT

The semiconductor solution was prepared in an inert gas atmosphere by weighting 

an adequate amount of the semiconductor and dissolving it in chlorobenzene to obtain 

a concentration of 10 mg/ml. It was then left on a hotplate at 50oC overnight to ensure 

that the material dissolves completely. Glass tools were exclusively used for the solution 

preparation process, as the chlorobenzene was shown to dissolve other tools.

P4VP

The insulator solution was prepared a day before the sample preparation to ensure that 

the polymer was well dissolved. The appropriate amount of insulator was weighted 

outside of the argon-filled glovebox. It was then transferred to the glovebox and dissolved 

in ethanol to obtain a concentration of 12,5 mg/ml and left on a hotplate at 50oC overnight.
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CoBr2
To prepare a 20 mg/ml solution of CoBr2, the necessary amount of CoBr2 powder was 

dissolved in acetonitrile within an argon-filled glovebox. The solution could be used 

immediately after the preparation or stored in the glovebox at room temperature.

Triflate and Ammonium salts
Triflates with K+, Na+, Li+ cations and Ammonium salts containing Br-, Cl-, and F- anions 

were prepared outside of glovebox a day before mixing them with the PSS matrix. 

The 20 mg/ml solution was made by dissolving the salts in a proper volume of distilled 

water. It was then left overnight to ensure that the material dissolves completely.

PSS
The PSS solution was prepared a day prior the sample preparation to ensure that 

the polymer was well dissolved. The appropriate amount of PSS was weighted outside 

of an argon-filled glovebox and dissolved in distilled water to obtain a concentration 

of 20 mg/ml. It was then left overnight to fully dissolve and transferred to the glovebox 

before use.
To prepare PSS solutions containing ions (K+, Na+, Li+, Br-, Cl-, F-), the same method 

was employed. It involved dissolving the PSS solution in a smaller volume of deionized 

water, followed by adding the corresponding salt solution to achieve a final concentration 

of 20 mg/ml with the desired weight percentage of added salt.

3.3.2. Substrate cleaning

3.3.2.1. Establishing the substrate cleaning procedure

The device preparation process always starts with a thorough substrate cleaning 

procedure. To prevent material contamination and ensure accurate and reliable 

experimental results it is essential to ensure that substrates are properly cleaned from any 

organic or non-organic remains. Even a minor residue left on a substrate can introduce 

impurities into semiconductor, potentially altering the performance of the entire device 

and leading to unreliable results.

To determine the optimal substrate cleaning procedure, several methods, which are 

summarized in Table 3.9, were employed.
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Table 3.9. Details of methods employed in substrate cleaning procedures
Step Method 1 Method 2 Method 3 Method 4 Method 5

1 15 minutes sonication in hot 
deionized water + 5% 

surfactant

30 minutes sonication in hot 
acetone

30 minutes 
sonication in 
hot deionized 

water
2 15 minutes 

sonication in 
hot

chloroform

30 minutes 
sonication in 
hot deionized 

water

Nitrogen stream drying Nitrogen 
stream drying

3 30 minutes 
sonication in 

hot
isopropanol

Air drying 30 minutes sonication in hot 
isopropanol

30 minutes 
sonication in 
hot acetone

4 24 hours 
immersion in 
isopropanol

Nitrogen stream drying

5 Nitrogen 
stream drying

60 seconds 
oxygen 
plasma 

cleaning

30 minutes 
sonication in 

hot
isopropanol

6 60 seconds 
oxygen 
plasma 

cleaning

Nitrogen 
stream drying

7 30 minutes 
sonication in 
hot deionized 

water
8 - - - - Nitrogen 

stream drying
9 60 seconds 

oxygen plasma 
cleaning

The effectiveness of the methods was determined based on the performance of R-P3HT 

layer, which was spin-coated on the substrates right after the cleaning. The current- 

voltage characteristics of the prepared samples are presented in Figure 3.9.
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Figure 3.9. Current-voltage characteristics of R-P3HT measured on substrates which were cleaned using 
different procedures. The inset shows details of a sample prepared using third substrate cleaning method

As can be seen in Figure 3.9, methods 1, 3, and 5 leave an unknown residue on the surface 

of the substrate, leading to the R-P3HT contamination, which is seen as a change in the 

current response over time. The instability of R-P3HT is highly undesirable as it 

undermines device performance. The R-P3HT was originally chosen as a semiconductor 

due to its repeatability and high control over its performance, therefore purity of 

the material is crucial.

Due to high variability of the devices prepared on substrates cleaned with method 4, 

the devices prepared utilizing method 3 were selected to be further examined.

Figure 3.10 a) shows the current-voltage characteristic of R-P3HT prepared on substrate 

cleaned according to method 3. The procedure is described in detail below. As it can be 

seen in Figure 3.9 a), the R-P3HT instability remains at a level of hundreds of nano 

amperes, which in the case of the organic semiconductors is an acceptable performance. 

Moreover, after spin-coating of the P4VP layer the operation of the device remains stable 

without any significant changes, as seen in Figure 3.10 b).
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Figure 3.10. a) the current-voltage characteristic of R-P3HT prepared on a substrate cleaned with method 
number 3; the inset shows the difference between currents measured at +50 V in each consecutive 
measurement cycles; b) current-voltage characteristic of R-P3HT (blue) and R-P3HT/P4VP (orange) 
prepared on a substrate cleaned with method number 3

3.2.2.2. The cleaning procedure

Based on the results presented above method 3 has been selected as the substrate cleaning 

procedure and has been performed as follows.

The prepatterned ITO substrates were first cleaned in a hot acetone ultrasound bath 

for 30 minutes. Acetone tends to leave a small residue while evaporating, therefore 

the substrates were dried out using a stream of nitrogen. It was then followed by a 30- 

minute hot isopropanol ultrasound bath to remove the remaining non-polar compounds. 

The remaining solvent was rinsed from the substrate with a nitrogen stream. 

Lastly, the substrates were treated with oxygen plasma for 30 seconds, which not only 

removes the remaining organic residue but also improves the surface adhesion. 

In summary, the process was performed as follows:

1. Hot acetone ultrasound bath -  30 minutes.

2. Nitrogen stream rinsing.

3. Hot isopropanol ultrasound bath -  30 minutes.

4. Nitrogen stream rinsing.

5. Oxygen plasma treatment -  30 seconds.

3.3.3. Sample preparation
The sample preparation was performed in four consecutive steps in an inert gas-filled 

glovebox. First, the semiconducting layer was deposited by the spin-coating method on 

a previously cleaned substrate. The thin film was removed from the edges of the substrate 

to expose the ITO electrodes and ensure contact between the sample holder contact pins 

and electrodes. Then the insulating layer was deposited by spin-coating and the electrodes
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were carefully exposed making sure to leave the semiconducting layer covered by 

an insulator. In the third step, the surface of the insulator was modified with a cobalt (II) 

bromide. Lastly, a thin film containing ions was deposited using spin-coating.

Detailed information about each preparation step is presented below. The details 

regarding the preparation and layer thickness of subsequent material layers are presented 

in Table 3.10.

Table 3.10. Layer thickness and preparation process details of materials used in the 
samples

Layer R-P3HT P4VP CoBr2 PSS/PSS+ions
Preparation

Spin-coating
Immersion in

Spin-coatingmethod CoBr2 solution

Spin-coating
300 300 300
1000 2000 1500

speed [rppm] 3000 3000 3000
Thickness [nm] 70 135 Atomic layer 40

Semiconductor deposition
The R-P3HT solution was cast onto a rotating substrate at 300 rpm through a glass pipette. 

After 3 seconds, the speed of rotation was set to 1000 rpm for 60 seconds. In this step, 

the excess solution drops off from the substrate, and the thin film was formed through 

solvent evaporation. Lastly, the speed of rotation was set to 3000 rpm to assure that 

the remaining solvent evaporates from the edges of the substrate. After the spin-coating, 

the edges of the substrate were gently wiped with a chlorobenzene-soaked pad to enable 

contact between the holder pins and the ITO electrodes.

Within the framework of this thesis, it was crucial to maintain the quality of 

the semiconducting layer to ensure the proper functioning of the entire device. 

A significant aspect in addressing this issue was the preparation of the R-P3HT thin film. 

By utilizing appropriate glass tools, the purity of the semiconductor could be preserved, 

as depicted in Figure 3.11. The plot shows the current-voltage characteristics of samples 

prepared one after another using plastic tools. The only difference in the way the samples 

were prepared was the duration for which the R-P3HT solution was kept in a plastic 

syringe before being poured on a substrate. As can be seen, the performance of both 

devices is significantly different. The R-P3HT film prepared first, signal in black, exhibits 

a notable instability in regard to measured current. Its' current -voltage characteristic, 

instead of being linear, shows a current increase after each measurement cycle combined 

with a narrow hysteresis loop.
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The performance of the R-P3HT layer changes even more drastically if the solution 

is stored in the plastic syringe longer e.g. 5 min, as shown in Figure 3.11 in red. 

The measured hysteresis loop, related to R-P3HT contamination, compromises 

the samples' utility as a part of the studied memristive device, due to its instability. 

What is also worth noting, is the reversed direction of the change of the R-P3HT's 

conductance compared to the operation of the studied memristive device.

Figure 3.11. Current-voltage characteristics of samples a R-P3HT casted from a plastic syringe right
after filling it in with solution (black), and after storing the solution in syringe for 5 minutes (red)

Considering the syringe-induced R-P3HT impurity, two additional samples were 

prepared utilizing only glass tools. The measured current-voltage characteristics 

for samples poured out of glass pipettes are presented in Figure 3.12. As can be seen 

from signals in blue, yellow, and green, the use of glass tools eliminates semiconductor 

contamination, resulting in the stable operation of R-P3HT. The second sample, signal 

in yellow and green, was measured twice, keeping a 15-minute interval between 

the measurements, to examine the R-P3HT stability. The results prove that there 

are no significant changes in the R-P3HT current response.
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Figure 3.12. Current-voltage characteristics of samples containing R-P3HT casted from a plastic syringe 
right after filling it in with solution (black), and after storing the solution in syringe for 5 minutes (red) and 
of two different R-P3HT samples casted from a glass pipette (blue, yellow) with additional measurement of 
second sample after 15 minutes (green)

To check the device variability, four devices from sample number 2 were measured. 

Their average current response and standard deviation were calculated and are shown 

in Figure 3.13. As can be seen, there is a slight variability in device performance, 

which stays below 5%, and it can be linked to the border effects on the substrate.

Figure 3.13. The average current response obtained by analysing four separate devices from sample 2 
casted from glass pipette
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To further highlight the importance of R-P3HT purity, the current responses to voltage 

sequences of -10 V, -50 V, 10 V, and 50 V has been measured for R-P3HT film prepared 

using glass and plastic tools. The results presented in Figure 3.14 show the different 

character of current responses to voltage sequences of both samples.

glass
plastic

t [s]

Figure 3.14. Current response to voltage sequences of -10 V, -50 V, 10 V, and 50 V measured for R-P3HT 
film prepared using glass (blue) and plastic (red) tools

The sample prepared using glass tools (blue signal) exhibits constant response to applied 

voltages. In contrast, the sample poured from the plastic syringe (red signal) displays 

changes in the conductance of R-P3HT throughout the measurement. This finding implies 

that the R-P3HT prepared with the use of plastic tools is of no use in the research, which 

utilizes this polymer's stability to study its conductance changes related to external 

stimuli.

Based on these results, throughout this thesis, the R-P3HT solution was poured on 

the substrate using glass pipettes.

P4VP deposition
The insulator solution was cast without filtering on a substrate rotating at 300 rpm. 

After 3 seconds the substrate was set to rotate at 2000 rpm for 60 seconds forming a layer 

of a well-defined thickness (Table 3.10). Finally, the substrate was set to rotate at 3000 

rpm for 5 seconds.

The thickness of the P4VP layer casted at 2000 rpm was measured for several

38



concentrations of material solution. The measurements were performed with the use 

of a profilometer, and the obtained calibration formula of layer thickness can be 

determined from equation 3.1 given by:

d = 5.3c + 1.80, (3.1)

where d is the layer thickness and c is the P4VP solution concentration.

Following the spin-coating of the P4VP layer, it is crucial to remove the insulator from 

the edges of the substrate to reveal the electrodes in a manner that ensures that 

the semiconducting R-P3HT layer was fully covered by the insulator. This way 

the insulator guarantees no physical contact between the semiconductor and the mobile 

ions from the top layer.

Surface modification of insulator
The surface of the insulator was modified with CoBr2 by immersion of the substrate 

in CoBr2 acetonitrile solution for 60 seconds. Then the sample was removed from 

the solution and the remaining unbound salt was generously rinsed with acetonitrile. 

The sample was left to dry, to let the solvent evaporate before casting the top layer.

Ion-reservoir layer deposition
The solution containing the mobile ions, PSS or PSS admixed with salts, was cast without 

filtering on a substrate rotating at 300 rpm. Then the substrate was set to rotate at a speed 

of 1500 rpm for 60 seconds and then for another 3 seconds at 3000 rpm. To ensure that 

the layer had no contact with the electrodes, the edges of the substrate were carefully 

wiped with distilled water, as shown in Figure 3.15. Otherwise, the ion-reservoir layer 

would partake in the samples' conduction, changing the response of the device.

MATRIX WITH IONS 

CoBr2

P4VP

P3HT
ITO ITO

GLASS

Figure 3.15. Schematic representation of prepared sample
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Study of R-P3HT surface morphology after ethanol treatment
To rule out any potential solvent-induced damage, which might result from the deposition 

of the P4VP layer, the surface properties of the R-P3HT layer were evaluated using AFM. 

The samples were prepared on the S161 substrates and were imaged before and after 

ethanol treatment. The ethanol treatment was performed using a spin-coating technique 

maintaining the same parameters as for the P4VP layer deposition.

The 10 μm x 10 μm and 2.5 μm x 2.5 μm AFM images were obtained through the non­

contact mode of AFM at a few representative sample locations. Figure 3.16. presents 

the surface morphology of the samples before (Figure 3.16. a) and after ethanol treatment 

(Figure 3.16. b).

The morphology of the R-P3HT shown as 10 μm x 10 μm images in Figure 3.16 suggest 

that there is no significant solvent-induced damage of the R-P3HT surface. To evaluate 

the surface morphology of the samples quantitively, the mean Root Mean Square (RMS) 

roughness values were calculated from independent measurements taken at three different 

sample locations within the 2.5 μm x 2.5 μm image area. The RMS roughness of R-P3HT 

film before ethanol treatment has been estimated in Gwyddion software as 4.12(36) nm. 

After undergoing ethanol treatment, the RMS roughness of the R-P3HT film was 

estimated to be 4,17(31). These findings indicate that the semiconductor remains intact 

after the ethanol treatment, suggesting no significant changes in surface morphology.
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CHAPTER Four Investigation on the nature of interactions 
between R-P3HT and P4VP

The knowledge about interactions between semiconducting R-P3HT and insulating P4VP 

is a key factor to understand the mechanisms underlying the principle of operation 

of the studied system. In a work preceding my doctoral project, we assumed that 

the conduction increase in the system is related to the electric field induced 

in the P4VP film10. Moreover, we have shown, that the current increase in the system 

is inversely proportional to the square of P4VP layer thickness. We associated this effect 

with the distance between semiconducting R-P3HT and the P4VP-CoBr2 complex 

at the surface of the P4VP layer, which has the highest contribution to the effective 

electric field induced in the system. However, the mentioned work does not tackle 

the nature of the interactions at the R-P3HT-P4VP interface, which might also be a factor 

altering the R-P3HTs' conductivity. In the aforementioned work, we stated, that the direct 

molecular interactions between R-P3HT-P4VP cannot be excluded and require further 

study. The aim of this chapter is to explore this problem and provide an explanation 

to the phenomena occurring at the materials interfaces.

This chapter presents the results of the investigation of whether the direct molecular 

interactions at the interface between the semiconductor and insulator are one of the factors 

influencing the conduction increase in the system. The results were obtained 

by separating the semiconducting and insulating layers with insulating aluminium oxide 

(Al2O3). The material was selected due to its' good electrical insulating properties and 

for the purpose of Al2O3 serving as a protection layer. In a different study, 

the R-P3HT/Al2O3 interface, with the Al2O3 layer deposited through the ALD process, 

was shown to be prone to materials intermixing and to have a rough interface89. The Al2O3 

was used as a separator between R-P3HT and P4VP, and the material was deposited 

through Magnetron Sputtering at a low growth rate to avoid significant mixing 

of distinctive layers.
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4.1. Sample preparation and characterisation
Al2O3 deposition. In order to prepare the samples varying in Al2O3 layer thickness, 

an initial calibration was performed based on three separate Magnetron Sputtering 

deposition processes.

The samples were prepared on silicon wafers, and the thickness of Al2O3 layers deposited 

in each process was determined by ellipsometry. The obtained results indicate that 

the layer thickness of deposited material is linear with deposition time 

in the selected time range. Therefore, to calculate the deposition times for the individual 

samples varying in layer thickness, the calibration was carried out via a linear fit, 

and the result is presented in Figure 4.1. The obtained calibration formula is given as:

dAl2O3 = a ∙ t + b, (4.1)

where dAi203 -  Al2O3 layer thickness, t -  deposition time, a = 0,0085(11) nm/s, 

b = 4,30(99) nm. In the formula, the a parameter corresponds to the layer thickness growth 

rate, and b is an independent parameter.

Figure 4.1. The Al2O3 layer thickness calibration plot determined based on results from ellipsometry 
measurements
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Based on the calibration formula, three deposition times were selected 300 s (5 nm), 

600 s (9 nm), and 1264 s (15 nm).

The samples in their final form were prepared on clean S161 transistor substrates 

in an inert gas atmosphere. First, the R-P3HT thin film was spin-casted on the substrate 

and the edges of the sample were wiped to assure contact between the holder contact pins 

and sample electrodes. Next, a layer of Al2O3 was deposited on the sample using 

the Magnetron Sputtering technique.

The Al2O3 layer was prepared in three separate processes, varying in deposition times, 

to prepare samples differing in Al2O3 layer thickness. The thickness of Al2O3 deposited 

in the distinctive Magnetron Sputtering processes was determined based on reflectometry 

and ellipsometry measurements, performed on an additional silicon wafer, 

and is presented in Table 4.1.

Table 4.1. The Al2O3 layer thickness measured for different deposition times using two 
techniques: ellipsometry and reflectometry

Measurement
method

Al2O3 thickness deposited in time [nm]
300 s 600 s 1264 s

Ellipsometry 5.93(69) 8.77(72) 15.68(18)
Reflectometry 5.27(7) 8.51(3) 16.70(12)

Electrical characterization. The samples, prepared on S161 substrates, consisting 

of R-P3HT and Al2O3 layers were characterized by measuring the current-voltage 

characteristics. Next, the P4VP layer was spin-coated, and the current-voltage 

characteristics were measured again. Additionally, the sample with a 15 nm thick Al2O3 

layer was modified with CoBr2 and its' current-voltage characteristics were measured 

again. The reference sample, consisting of R-P3HT/P4VP was prepared without any 

alterations from the device preparation procedure described in Chapter 3.

The current-voltage characteristics were measured in voltage range from -50 V to 50 V 

with 5V/s step.

TOF-SIMS measurements. The samples with 5 and 9 nm Al2O3 layer thickness were 

imaged in the dynamic mode of the TOF-SIMS technique to determine 

the consistency/morphology of the Al2O3 film. Due to differences in the Al2O3 layer 

thickness, the sputtering parameters need to be adjusted for each measurement. The depth
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profiles were acquired in positive polarity, in dual beam mode with Bi3+ as the analysis 

beam and Cs+ (1 or 2 keV) as a sputtering beam. Each analysis was carried out in a 150 

μm x 150 μm area concentric to the 300 μm x 300 μm sputtered area.

SEM imaging. Two additional samples, containing single Al2O3 and 

R-P3HT/Al2O3/P4VP/CoBr2, were prepared in the same sputtering process on a silicon 

wafer with a SiO2 native layer for SEM imaging purposes. The layer thickness was 

measured by stylus profilometry for a sample with a single Al2O3 and it was determined 

as 44(15) nm. The calculated layer thickness standard deviation is relatively high due to 

the sample roughness.

The cross-section profiles of the samples were obtained using the SEM technique. 

First, the sample was cut in half before measurement. One part of the sample was imaged 

as cut, and one part was polished before the measurement to eliminate the irregular 

structure caused by sample rupture. During the measurements, images of Secondary 

Electrons (SE) and Backscattered Electrons (BSE) were acquired.

4.2. Examination of sample integrity and structure
To properly interpret the results of the electrical characterization of the samples, 

it is important to assess their structure and integrity. To do so, the samples were 

characterized by SEM and TOF-SIMS techniques.

The TOF-SIMS measurements were performed in the dynamic mode 

on samples with 5 nm and 9 nm thickness of the Al2O3 layer. To investigate the interfaces 

between the consecutive layers, two versions of samples were imaged: one with 

the P4VP layer and one without it. Through obtaining the depth profiles of the subsequent 

layers, the samples were inspected in terms of possible discontinuities or mixing.

The depth profile of a sample consisting of Al2O3(5 nm)/R-P3HT/substrate is presented 

in Figure 4.2 a). Figure 4.2 b) depicts the depth profile of the sample consisting 

of P4VP/Al2O3(5 nm)/R-P3HT/substrate. The distinctive materials signals are given 
as ITO glass substrate (SnO2-), R-P3HT (34S-), 5 nm Al2O3 (Al-), and P4VP (13CN-).
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Figure 4.2. The depth profiles of samples with 5 nm Al2O3 layer thickness; a) sample containing ITO glass 
substrate (grey), R-P3HT (orange), and Al2O3 (purple), b) sample containing ITO glass substrate (grey), 
R-P3HT (orange), Al2O3 (purple), and P4VP (green). The distinctive signals for each subsequent layer 
includes SnO2- (ITO glass substrate), 34S- (R-P3HT), Al- (Al2O3), and 13CN- (P4VP)

The samples were sputtered starting from the uppermost layer, which is visible 

in Figure 4.2 a) as a maximum signal intensity from Al2O3 in the first 100 seconds 

of sputtering time. During that time the signal characteristic for R-P3HT emerges 

and reaches maximum intensity around 200 seconds of sputtering time. As the Al2O3 layer 

thickness is around 5 nm, and the mean roughness of R-P3HT film was estimated 

by AFM measurements to be 4.12(36) nm, this result implies possible discontinuities 

in the insulating layer. The layer discontinuity may also explain the relatively high 

intensity of the 34S- signal right from the measurement start. Broadening of the falling 

edge of the signal is related to ions being knocked in into deeper layers of the sample 

during the sputtering process.

The depth profile of the sample containing P4VP layer is presented in Figure 4.2 b). 

As depicted, at the beginning of sputtering the signal distinctive for the P4VP is the most 

prominent. Around 2000 seconds of sputtering, the signal characteristic for Al emerges, 

and not long after the trace of R-P3HT. The signals characteristic for Al2O3 and R-P3HT 

reach their maximum values almost simultaneously around 5000 seconds of sputtering 

time. This is attributed to the characteristic wrinkling of the P4VP. 3D reconstruction 

of the a well-defined interface between materials is shown in Figure 4.3. These profile 

reconstructions rule out any significant intermixing between the layers, which 

is demonstrated as a well-defined interfaces between the layers.
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Figure 4.3. Profile reconstruction of a sample consisting of substrate (grey), R-P3HT (orange), 5 nm of 
Al2O3 (purple), and P4VP (green)

The profile reconstructions from Figure 4.3 was prepared with the assumption that 

the surface of the sample is flat. Regardless of it, the signals characteristic 

for subsequent layers imply layer folding, which is related to the P4VP roughness. 

The P4VP, which is the uppermost layer in the device, exhibits a characteristic folding, 

which is further projected into the inner layers. The P4VP roughness is also a cause 

of misleading display of materials interfaces in Figures 4.2 b) and 4.4 b).

Figure 4.4 presents depth profiles measured for samples consisting of a) Al2O3(9 nm)/ 

R-P3HT/substrate and b) P4VP/Al2O3(9 nm)/R-P3HT/substrate. Due to differences 

in the measurement parameters, the sputtering times are shorter compared to samples 

with 5 nm Al2O3 layer thickness.

Sputtering time [s] Sputtering time [s]

Figure 4.4. The depth profiles of samples with 9 nm Al2O3 layer; a) sample consisting of ITO (grey) glass, 
substrate, R-P3HT (orange), and Al2O3 (purple), b) sample containing of ITO (grey) glass substrate, R- 
P3HT (orange), Al2O3 (purple), and P4VP (green). The distinctive signals for each subsequent layer 
includes SnO2- ( ITO glass substrate), 34S- (R-P3HT), Al- (Al2O3), and 13CN- (P4VP)

As can be seen in Figure 4.4 a), the distinctive signal of the Al2O3 layer reaches maximum 

value during the first 50 seconds of measurement and the signal characteristic for R-P3HT 

emerges only after the Al- signal intensity starts to decrease. This result implies 

no intermixing or discontinuities in the sample with a 9 nm thickness of the Al2O3 layer.
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The slow rate of Al- signal intensity decrease is related to the material being knocked into 

the inner layers while the sample was sputtered.

Figure 4.5 depicts the reconstruction of the depth profile prepared for the sample with 

9 nm of Al2O3. The profile reconstruction was prepared with the same assumption 

as reconstruction illustrated in Figure 4.3. The characteristic folding, which is further 

projected into the inner layers, is related to the roughness of P4VP. The Al2O3 layer 

depicted in Figure 4.3, appears to be thicker for the 5 nm layer, however, it is an artefact 

related to different scales of reconstruction boxes and a slower sputtering rate 

of the sample, which is linked to lower ion beam energy and current. 

Despite the wrinkling, the reconstructions provide solid proof that the interfaces between 

the distinctive layers are well-defined.

Figure 4.5. Profile reconstruction of a sample consisting of substrate (grey), R-P3HT (orange), 9 nm of 
Al2O3 (purple), and P4VP (green)

The main purpose of the Al2O3 layer was to prevent direct molecular interactions between 

the R-P3HT and P4VP layers by separating them. However, the TOF-SIMS results imply 

possible discontinuity of Al2O3 of 5 nm thickness. Based on these findings, the samples 

with 5 nm of Al2O3 were excluded from further analysis, as the R-P3HT/Al2O3/P4VP 

interface might further complicate the description of interactions.

To get complementary information about the structure of the samples, the cross-sections 

of the specimen with 44(15) nm Al2O3 layer were measured using the SEM technique. 

Figure 4.6 shows the SEM cross-section of the sample at x200k magnification. 

The sample was imaged as cut, without polishing.

The individual layers were marked based on the contrast between each layer. As the SE 

signal provides higher contrast for the inorganic compounds within the sample, elements 

such as aluminium, or cobalt, it makes it easier to identify the subsequent layers.

The sample was imaged from a certain angle; therefore, the signal from the silicon wafer 

takes up most of the image and is visible as a smooth surface at the top of the image.
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The R-P3HT layer is the uppermost layer in the imaged sample, and the Al2O3 underneath 

the semiconducting layer can be easily distinguished based on the difference between 

signal intensities. As can be seen, the insulating layer forms a thick and concise barrier 

between R-P3HT and P4VP. The P4VP layer is situated between Al2O3 and CoBr2, which 

forms a very thin, but visible layer. The bottom part of the image is the signal from 

the measurement chamber.

Figure 4.6. SEM image of a cross-section of a non-polished sample with individual layers marked. 
Detection of secondary electrons, magnification x200k 

Figures 4.7 a) and b) show two images of a polished sample cross-section 

at magnification x100k. The figures show a noteworthy contrast between signals from 

secondary electrons in each layer in the sample.

Figure 4.7. SEM image of a cross-section of a polished sample. Detection of secondary electrons, 
magnification x100k

Figures 4.7 a) and b) were imaged at a different angle than the sample in Figure 4.6. 

In this setup, the silicon wafer, with an intense signal from native silicon oxide, is seen 

at the bottom of the image. The R-P3HT layer provides a signal from in-between SiO2 

and Al2O3 layers, which are visible at/in high contrast. In Figure 4.7 a) the Al2O3 layer
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appears to be disrupted in a few places, however, other images prove that it is not 

the case, and it might be an artefact related to sample polishing or P4VP roughness. 

Next, is the P4VP layer with a thin CoBr2 film. Moreover, the P4VPs' characteristic 

wrinkled surface can be seen thanks to the signal from CoBr2, which appears to be folded. 

This characteristic folding of the P4VP layer is even more apparent on Figure 4.8.

Figure 4.8. SEM image of a cross-section of a polished sample a) with wrinkles characteristic for P4VP 
layer; detection of secondary electrons, magnification x300; b) rotated at the 5-degree angle; detection 
of secondary electrons, magnification x50k

In order to have a better insight into the samples' structure it was rotated at a 5-degree 

angle and imaged detecting the secondary electrons at x50k magnification as shown 

in Figure 4.8 a). The top of the image shows P4VPs' folded surface with CoBr2 on top. 

The contrast at the bottom of the sample is linked to the native SiO2 layer. Due to 

the sample rotation, and detection of an intense signal from Al2O3, the signal from R- 

P3HT is barely visible as a thin layer between SiO2 and Al2O3.

The cross-section of a sample with the detection of Backscattered Electrons is shown 

in Figure 4.9. The sample was imaged at x40k magnification and provided more 

information about the chemical composition of the sample. The polymer films provide 

a signal with similar contrast, however, the Al2O3 layer is noticeable as a thin layer 

separating the top layer (P4VP) from the bottom layer (R-P3HT).
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Figure 4.9. SEM image of a cross-section of a polished sample. Detection of backscattered electrons, 
magnification x40k

The results of SEM imaging on a sample consisting of R-P3HT/ 

Al2O3(44 nm)/P4VP/CoBr2, prepared on a silicon wafer, confirms that the Al2O3 

separates the R-P3HT and P4VP layers, forming a consistent layer without any visible 

intermixing. Compared to the results of TOF-SIMS imaging, the 44 nm layer of the Al2O3 

layer proves to be a coating thick enough to prevent layer disruptions.

4.3. Electrical characterization of samples
In the next step the samples were characterized in terms of the conductivity change, based 

on measurements of current-voltage characteristics obtained in between the subsequent 

layer deposition steps. The results obtained for samples containing Al2O3 layers were 

compared to a reference sample without the Al2O3 layer between R-P3HT and P4VP.

The current-voltage characteristics measured before (black squares) and after (orange 

circles) P4VP layer deposition are presented in Figure 4.10.
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Figure 4.10. The mean current with maximum standard deviation calculated from 3 devices consisting 
of a) R-P3HT (black) and R-P3HT/P4VP (orange), b) R-P3HT/ Al2O3 (9 nm) (black) and R-P3HT/ 
Al2O3(9 nm)/P4VP (orange), and c) R-P3HT/ Al2O3 (15 nm) (black) and R-P3HT/ Al2O3 (15 nm)/P4VP 
(orange)

Before P4VP layer deposition samples consisted of a) R-P3HT (reference sample), 

b) R-P3HT/Al2O3(9 nm), and c) R-P3HT/Al2O3(15 nm). The measurement results were 

averaged over 3 devices and are presented in the same y-axis scale to showcase 

the differences in measured currents. As it was mentioned before, the devices from 

peripheral parts of the substrate, device number 1 and 5, tend to vary from the devices 

in the middle due to the boundary effects on the substrates. Therefore the final analysis 

was performed only on data from the 3 devices in the middle.

The plots show that the values of measured currents increase after the P4VP layer 

deposition for all three device types, which is consistent with the long-range interactions 

hypothesis. However, the initial mean current values, corresponding to the conductance 

of R-P3HT, vary between samples. It might be attributed to the Al2O3 layer screening 

the electric field or to interactions at the R-P3HT/Al2O3 interface. Moreover, mean current
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values calculated for the reference sample (Figure 4.10 a) display significant variability 

after P4VP deposition, which can be seen as a high value of maximum standard deviation.

In order to compare the results quantitively, the mean value of conductivity was

calculated. For the sake of consistency with our previous research10, the conductivity

values were determined as —| considering the electrode's geometric dimensionsdU ∣25 v
given as A = 3∙10-5 cm and l = 5∙10-3 cm. The method was employed in previous research 

given a slight deviation from the linear current response of devices, which is also shown 

in Figure 4.10. Calculated values of conductivity with maximum uncertainty (3σ). 

are summarised in Table 4.2.

Table 4.2. Calculated values of conductivity before and after P4VP deposition for reference 
devices and samples with 9 nm, and 15 nm Al2O3 layer thickness

Device type
Conductivity of devices with different Al2O3 layer 

thickness fμS∕cm]
reference 9 nm 15 nm

before P4VP deposition 19. 7 ± 2.5 7.8 ± 0.9 3.3 ± 0.5
after P4VP deposition 36.9 ± 7.5 19.5 ± 1.3 6.8 ± 0.1

The results confirm that the conductivity of all three types of devices increases after the 

deposition of P4VP. To get a better insight into the calculated values, they 

are illustrated in Figure 4.11.

The highest change in conductivity after P4VP layer deposition has been observed 

for samples with the 9 nm Al2O3 layer. In the case of the 15 nm Al2O3 layer thickness, 

the conductivity increase is lower compared to the 9 nm layer thickness. The observation 

aligns with the hypothesis of long-range interactions, which states that the shorter 

the distance between R-P3HT and the P4VPs' surface, where the dipole-induced electric 

field originates, the more prominent the current increase. According to this hypothesis, 

the system without an Al2O3 layer should display the largest conductance increase. 

However, due to different direct molecular interactions on the R-P3HT/P4VP 

and R-P3HT/Al2O3 interfaces these results cannot be compared directly, but can rather 

indicate trends.
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Figure 4.11. Mean conductivity calculated for potential set as +25 V for 3 devices with pure R-P3HT (red 

circle), P3HT/Al2O3(9 nm) (blue rectangle) and P3HT/Al2O3(15 nm) (yellow triangle) calculated before 

(left hand side) and after (right hand side) P4VP deposition

To further investigate the current increase in the system, the sample with 15 nm layer 

thickness was modified in CoBr2 solution and its current-voltage characteristics were 

measured. This sample was selected to further examine the conduction increase based on 

the highest distance between R-P3HT and the modified P4VP. The Al2O3 is a dielectric 

and in theory, it should partly screen the induced electric field. Therefore, according to 

the hypothesis, further modification should intensify the induced electric field and, 

regardless of the screening, the conductance increase should be observed. 

The comparison between the current response measured for a sample at each preparation 

step is presented in Figure 4.12.
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Figure 4.12. The mean value of current with maximum uncertainty calculated based on measurements 
performed on 3 devices in each of the preparation steps performed for a sample with 15 nm Al2O3 layer 
thickness

As depicted in Figure 4.12, the mean value of measured current increases with each 

preparation step. For consistency with the previous results, the values were determined 

based on data from 3 devices. As can be seen, the highest value of maximum uncertainty 

was calculated for the samples after CoBr2 deposition. The increased variability 

of devices can be attributed to conductivity increase, which can vary in different regions 

of the sample. The irregular folding of the P4VP surface may contribute to this effect, 

as the folding increases the surface area available for the CoBr2 to bond, changing 

the local distribution of the electric field.

Mean conductance values with maximum uncertainty were calculated 

as (0.33 ± 0.05)∙10-5 S/cm for R-P3HT, (0.68 ± 0.01)∙10-5 S/cm for R-P3HT/P4VP, 

and (1.28 ± 0.09)∙10-5 S/cm for R-P3HT/P4VP/CoBr2. The results are illustrated 

in Figure 4.13, and show the conductivity increase after each preparation step. 

Based on the calculated values, the highest conductivity increase occurs after 

the introduction of cobalt centres to the system. Therefore, these results further confirm 

that the dipole-induced electric field contributes to the conduction increase in the system, 

regardless of the electric field screening.

54



Figure 4.13. Mean conductivity of the devices with 16 nm Al2O3 layer thickness calculated for potential 
set as +25 V for devices consisting of R-P3HT/Al2O3 (grey), R-P3HT/Al2O3/P4VP (orange), and R- 
P3HT/Al2O3/P4VP/CoBr2 (blue)

4.4. Conclusions
The samples consisting of R-P3HT and Al2O3 in three different layer thicknesses, with 

or without P4VP or CoBr2 layers, were prepared and characterized by performing current- 

voltage measurements as well as TOF-SIMS profiling and SEM imaging.

The Al2O3 was used as a separating layer between R-P3HT and P4VP to prevent direct 

molecular interactions between the polymers. Through examining the TOF-SIMS profiles 

and SEM images, the Al2O3 layer was confirmed to be uniform for samples with layer 

thickness surpassing 9 nm. Moreover, the TOF-SIMS profiles prove no significant mixing 

between the subsequent layers for all of the prepared samples.

The current-voltage measurements were performed on samples consisting of R-P3HT 

(reference sample), R-P3HT/Al2O3(9 nm), and ), R-P3HT/Al2O3(15 nm) before and after 

P4VP deposition. The sample with 5 nm Al2O3 thickness was excluded from analysis due 

to possible discontinuity of the separating layer.

The conductivity values calculated for all samples in between each preparation step 

display improved conductivity of R-P3HT. It was also demonstrated by measurements 

performed on samples consisting of 15 nm of Al2O3 thickness, which were additionally
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modified with cobalt complexes. The obtained results confirm a further increase 

in systems' conductivity regardless of the separation between R-P3HT and P4VP.

The results mentioned above supports the hypothesis about the R-P3HT conduction 

increase due to the existence of long-range interactions between R-P3HT and the P4VP. 

Moreover, the aforementioned findings prove that direct molecular interactions 

at R-P3HT/P4VP interface, have a significant impact on the systems conductivity. 

Nevertheless, it was confirmed that the electric field induced in P4VP and Co-modified 

P4VP further increases the conductivity of R-P3HT.

In conclusion, the obtained results show that the previously observed conduction increase 

occurs in the studied system even when the R-P3HT and P4VP layers are separated 

by a thin insulating layer. This proves that the long-range interactions are an important 

factor causing the conduction increase in the system.
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CHAPTER Five Investigation on devices principle of operation

The aim of this chapter is to investigate the mechanism, which underlays the unique 

principle of operation of the studied device. According to the hypothesis, which was 

shortly discussed in Chapter One, the principle of operation of the studied memristive 

device is based on interactions between the electric field induced by surface-located 

dipoles and mobile ions present in the PSS matrix. The existence of a long-range dipole- 

induced electric field in the channel of the device has been confirmed in Chapter One and 

Chapter Four. Here, the investigation is extended to address the hypothesised relation 

between ion displacement, influenced by applied potential, and the observed hysteresis 

loop in the current-voltage characteristic, aiming to explore the relationship between 

electric field modulation and ion movement.

The chapter consists of four integral parts which together provide a complete explanation 

of the systems' principle of operation. At first, the ion migration hypothesis is examined 

utilizing methods such as TOF-SIMS profiling and imaging, Impedance Spectroscopy 

measurements, and electrical characterization. Next, the chapter explores the operation 

of devices with and without the CoBr2 modification and the differences between these 

systems, explaining the final architecture of the device. Following, the relaxation 

processes and their time constants are investigated, to conclude all the findings 

with a phenomenological model of the device.

5.1. Sample preparation and characterization
Electrical characterization. The devices were prepared, if not stated differently, on S161 

substrates without any alterations from the device preparation process described 

in Chapter Three. The reference devices, samples without CoBr2 modification, 

were prepared by omitting the substrate immersion in CoBr2 solution and consisted 

of P3HT/P4VP/PSS+K+(1%) only.
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The sample consisting of PMMA thin film, instead of PSS matrix, was prepared utilizing 

the same spin casting parameters as for the PSS layer deposition.

The electrical characterization of devices was carried out by measuring the current- 

voltage characteristics. The measurements were performed in the voltage range from -50 

V to +50 V with voltage step 2.5 V/s.

Current vs. time plots were measured for devices containing pure PSS and PSS+K+(1%) 

as the uppermost layers. The current responses were collected for three different voltage 

sequences: 1) -10 V, -50 V, +10 V, and +50 V with 20 s potential step duration, 

2) +10 V, +50 V, and 3) -10 V, - 50V with 6 s potential step duration. The switching time 

was set below 0.25 ms for all sequences.

TOF-SIMS characterization. The measurements were performed both in the static 

and dynamic modes of TOF-SIMS.

The sample consisting of R-P3HT/P4VP/PSS+K+(1%) was characterized in dynamic 

mode to get an insight into the material interface structures. The depth profiles were 

acquired in positive polarity, in dual beam mode with Bi3+ as the analysis beam and Cs+ 

2 keV as a sputtering beam.

The sample consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) was characterized 

in the static mode of TOF-SIMS to study the voltage-induced ion displacement on the 

surface of sample. The static imaging was performed utilizing the Bi3+ as the analysis 

beam. Each analysis was carried out in a 150 μm x 150 μm area concentric to 

the 300 μm x 300 μm sputtering beam area.

Impedance Spectroscopy measurements. The devices for SI characterization were 

prepared as a single layer of PSS or PSS admixed with 1% of K+ on S161 substrates. 

The measurements were performed in an inert gas atmosphere and at ambient 

temperature, to preserve the electrical characterization parameters. The samples were

characterized in a wide frequency range (0.5 -  3∙106 Hz) with a measurement voltage 

of AC equal to 0.1 V.

The temperature dependency of conductance measurements. The measurements were 

performed for two samples: a device consisting of a single R-P3HT layer and a device 

consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%). The measurements were performed 

in a vacuum chamber using Keithley 2400 as a source meter unit and Eurotherm 2416 

temperature controller.
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Shortly before the measurements, the sample was cooled down to liquid nitrogen 

temperature by bringing it in contact with a cold finger. After breaking the contact

between the sample and the cold finger the samples' current response was measured

at eight selected points, at temperature ranges: 1) -148.9°C to -149.6oC, 2) -123.5°C to 

-122.5°C, 3) -80.5oC to -80.0°C, -54.0°C to -52.0°C, 5) -20.9°C to -20.0°C, 6) -2.5°C 

to 0°C, 7) 8.0°C to 9.0°C, and 8) 22.4°C to 22.5°C. The current was measured 

as a response to voltage sequences of -50 V, -10 V, and +10 V. During the experiment 

the temperature of the sample was raised to room temperature at a slow rate without 

external heating.

5.2. Results
5.2.1. Study of the origin of systems' memristive character
The system studied in this dissertation is a multilayer planar device in which each of its 

individual layers plays an important role in the device's operation. The systems' current 

response changes after deposition of successive layers, as illustrated in Figure 5.1.

The first layer of the device, the semiconducting R-P3HT corresponding to the 

characteristic plotted in red, exhibits a linear current response to the applied voltage. The 

P4VP deposition, characteristic in black, and CoBr2 modification, depicted in blue, both 

increase the conductance of the R-P3HT due to the presence of dipole-moment induced 

electric field, nevertheless, the device's response remains linear. However, the character 

of the device's response changes from linear after the deposition of the layer containing 

the ion reservoir, which corresponds to the characteristic in orange.

The PSS, which serves as a polymer matrix, contains sodium ions and is further enriched 

with 1% of potassium cations. Assuming, that each mer of PSS is stabilised by one sodium 

cation, the sodium ions make up about 9% of the mass of the PSS layer. The exact amount 

of sodium ions in PSS is not disclosed, however it was reported90, that the weight 

percentage of sodium in different compound, PEDOT:PSS, stays below 5%, which to 

some extent aligns with this assumption. As shown in Figure 5.1, the presence of the 

mobile ions further increases the systems' conductance and incorporates the hysteresis 

loop into the current-voltage characteristic of the device.

The voltage sweep direction in the I-U characteristics, indicated by the arrows in Figure

5.1, is described as forward and reverse to highlight the direction of changes in the current 

response.
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Within one measurement cycle, the reverse current is measured during the voltage 

magnitude decrease (±50 V → 0 V). On the contrary, the forward current refers to 

the voltage magnitude increase (0 V → ±50 V).

Figure 5.1. Current-voltage characteristic measured between successive preparation steps

In order to determine whether ion mobility is responsible for the hysteresis occurrence 

in the system, a number of tests have been conducted to validate the ion mobility 

hypothesis and to examine its influence on the operation of the devices.

At first, the structure and integrity of the device were examined by obtaining the depth 

profiles of samples containing R-P3HT/P4VP/PSS+K+(1%). The devices were profiled 

in the dynamic mode of TOF-SIMS. The signals distinctive for each layer are given as 
K+ for PSS+K+(1%), C5N+ for P4VP, 34S+ for R-P3HT and PSS, and Si+ for the substrate. 

The well-defined interfaces between subsequent layers are clearly demonstrated 

in Figure 5.2. Dashed lines indicate the time of particular layers' appearance. It is worth 

noting that the signal intensity measured for the P4VP layer decays slowly after the signal 

characteristic for R-P3HT emerges, and it is due to a significant wrinkling of the P4VP 

film. Based on these results, we can exclude substantial intermixing between the layers. 

Moreover, the data confirms the absence of potassium ions in the R-P3HT layer, which 

is proof of an effective separation of the PSS layer from the semiconductor. It also proves
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that the R-P3HT layer remains undamaged and undoped by ions, which might alter 

the system's conductance.

Figure 5.2. Depth profile of a sample consisting of glass substrate, R-P3HT, P4VP, and PSS+K+(1%). 
Distinctive signals measured for each consecutive layer: Si+ for glass substrate (green), 34S+ for R-P3HT 
(red), C5N+ for P4VP (black), and K+ for PSS+K+ (orange)

Another factor, which has to be excluded is the ionic conductivity through the PSS layer 

contributing to the current response of the system. This scenario is possible if the sample 

preparation is performed improperly and the PSS layer is in contact with the holder 

electrodes. This can result in current flow through the PSS layer, apart from 

the conduction through R-P3HT.

To eliminate this possibility, the devices consisting of P4VP/CoBr2/PSS+K+(1%) were 

prepared with extra care to separate the PSS layer from direct contact with the electrodes. 

Their current-voltage characteristics were measured in between each following 

preparation step. The results presented in Figure 5.3 a) confirm that without the R-P3HT 

layer, the current response of the device is in the range of nA, which is within the limit 

of detection of the experimental setup. This is evidence that the ions present in the PSS 

matrix do not partake in the current conduction in the system if the preparation process 

is performed properly. Therefore, it is confirmed that the current flows in the system only 

through the R-P3HT layer.

61



Figure 5.3. Current-voltage characteristics measured a) between consecutive preparation steps for devices 
consisting of P4VP/CoBr2/PSS+K+(1%), b) for devices consisting of P3HT/P4VP/PMMA

In order to investigate whether the ions present in a polymer matrix contribute to 

the appearance of the hysteresis loop, a device consisting of R-P3HT/P4VP/PMMA was 

fabricated. It is important to note that PMMA is an insulating polymer that does not 

contain any ions within it. Therefore, according to the aforementioned hypothesis, 

the presence of PMMA should not alter the character of the device's response. 

The measured current-voltage characteristic, as shown in Figure 5.3 b), demonstrates 

the ohmic nature of conductivity in the device. This provides indirect evidence that 

the absence of an ion reservoir prevents the system from exhibiting a hysteresis loop in 

its I-U curves.

The research findings discussed above confirm that the PSS layer containing an ion 

reservoir does not take part in the conduction of the device but is responsible 

for incorporating the hysteresis loop into the current-voltage characteristic of the device. 

To determine whether the ions present in PSS+K+(1%) can migrate in the layer under 

the applied electrical field, additional Impedance Spectroscopy measurements were 

performed. The samples for SI measurements consisted of a single PSS or PSS+K+(1%) 

layer. All measurements were performed at ambient temperature in an inert gas 

atmosphere, and the sample geometry corresponds to the one employed in 

the measurements of current-voltage characteristics. The relaxation times related 

to sodium and potassium ions migration in PSS and PSS+K+(1%) layers were determined 

by fitting data to the Cole-Cole model.

The results presented in the form of a Nyquist plot, Figure 5.4, reveal ionic relaxation 

processes both in a) PSS and b) PSS+ K+(1%) films. Figure 5.4 b) shows that the 

resistance of a layer containing the addition of potassium ions is almost twice lower
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compared to the resistance of pure PSS. Moreover, Figure 5.4 c) shows that the addition 

of 1% of K+ ions alters the time constants of the processes that occur in the layer.

Figure 5.4. Nyquist plots for a) PSS and b) PSS+K+(1%) thin film; c) comparison between relaxation times 
of PSS (black) and PSS+K+(1%) (orange)

To demonstrate that the ion migration in the system is caused by applied external 

potential, we performed an in-situ experiment in static TOF-SIMS mode. The imaged 

sample prepared on S161 substrate consisted of R-P3HT/P4VP/CoBr2/PSS+K+(1%). 

During the measurement, the surface concentration of 41K+ was measured, and at a certain 

stage, the measurement was temporarily stopped to apply potential +50 V to the sample. 

The voltage was applied for 120 s, and after that time the SIMS measurement was 

immediately resumed. The results of the surface imaging are shown in Figure 5.5. 

The red line indicates the time when the measurement was paused. The red, yellow, 

and blue boxes illustrate the signal distribution on the surface of the sample.

The results indicate that after applying the external voltage, the surface concentration 

of 41K+ decays and then slowly returns to its initial value as the system gets back 

to its equilibrium state. Moreover, the 41K+ signal distribution at the sample surface 

indicates that before and long after the external potential application the potassium ions 

are evenly distributed on the surface of the sample. However, right after the potential
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application, some parts of the surface are depleted in 41K+ signal (black area over the 

electrode), which is a direct prove of the ion migration under the applied electrical field.

Figure 5.5. Intensity of 41K+ secondary ion measured in time under static SIMS condition. Green line 
highlights the time, when the measurement was paused and external potential was applied to the device for 
120 s, after which the measurement was resumed

Additionally, the devices consisting of R-P3HT and R-P3HT/P4VP/CoBr2/PSS+K+(1%) 

have been tested in regard to the device conductivity at different temperatures. 

The idea behind this experiment arises from the reduced ion mobility at low 

temperatures91. The temperature dependency of ion mobility in a polymer matrix can be 

described as follows:

μ =  μ m e x p (--⅛ τ ) , (5.1)

where μ is ion mobility, μ∞ is infinite temperature mobility, B is a constant, 

T is temperature, and T0 is the temperature at which mobility goes to zero, also called 

Vogel temperature. This relationship between temperature and ion mobility has been

utilized to slow down the ion migration process and to assess whether the decreased 

mobility of ions will influence the current response of devices.

The current responses to -10 V, -50 V, and +10 V voltage sequences have been measured 

in four selected temperatures and the results are presented in Figure 5.6.
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Figure 5.6. Measurements of the temperature dependency of conductance of R-P3HT (black) and of a 
device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) performed in 22°C (pink), -20°C (orange), -80°C 
(green), and -122°C (blue). Current responses were measured for voltage sequences: -10 V, -50 V, and 
+10 V with a 25 s potential step duration

Figure 5.6 illustrates the results of measurements performed at 22°C (pink), 

-20°C (orange), -80°C (green), and -122°C (blue). The right-hand side of the plot, signals 

in pink, orange, green, and blue, correspond to a current response of the whole system, 

and the left-hand side, in black, corresponds to the current response of R-P3HT 

in corresponding conditions.

As shown, at different temperatures the conductivity of the whole system differs 

in a significant way from the conductivity of the semiconductor. At room temperature, 

the conductivity of the system increases rapidly with time, while the measured current 

response of R-P3HT is rather constant. Similar responses are observed at -20°C with 

a decrease in measured current, which is related to the cooling of the semiconductor.

In -20°C and -80°C distortion of the current response, compared to the corresponding 

signal at room temperature, has been registered. This phenomenon could be attributed 

to a decrease in conductivity resulting from the reduced mobility of current carriers 

and ions, as these two factors are believed to be responsible for the overall increase 

in system conductivity.
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At a temperature of -122°C, the device's performance is alike to that of the semiconductor. 

This observation indirectly supports the hypothesis that by reducing ion mobility 

it is possible to eliminate the electric field modulation caused by ions and to cancel 

the memristive character of the device.

The aforementioned findings confirm that ions in PSS+K+(1%) can be moved by external 

potential and have significant mobility. The data implies that the current flows in 

the system exclusively through the R-P3HT layer, which shows variation in conductivity 

related to the applied potential. Moreover, the results prove that for the hysteresis effect 

to occur, the presence of the layer containing mobile ions is necessary, despite they 

do not directly engage in the charge transport in the system.

Considering the findings regarding ion diffusion being responsible for the conductance 

modulation, the following mechanism of systems operation can be postulated:

1. The presence of permanent dipole moments in P4VP/CoBr2 complexes and ions 

within the PSS+K+(1%) layer introduces an additional electric field 

in the R-P3HT layer. This electric field acts perpendicularly to the plane 

of the semiconducting layer.

2. In the absence of external potential, the ions are evenly distributed in the polymer 

matrix. However, they are attracted close to the P4VP/CoBr2 interface due to 

the interaction with the dipole-induced electric field.

3. When an external potential is applied, it not only drives the current flow 

in the R-P3HT layer but also modifies the ion distribution within 

the PSS+K+(1%) layer and at the interface between P4VP and PSS+K+(1%), 

as shown in Figure 5.5.

4. Due to the finite mobility of ions, alterations in the component of the electric field, 

originating from ion mobility, exhibit a certain delay in response to changes 

in the voltage applied across the electrodes.

5. Modification in the ionic balance at the P4VP/PSS+K+(1%) interface results 

in alterations of the perpendicular component of the electric field within the R-P3HT 

layer. In consequence, it affects the conductivity of R-P3HT and gives rise 

to the appearance of the hysteresis loop.
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5.2.2. Investigation of device stability
The direction of conductance change in the studied memristive device is unique and relies 

on dynamic modulation of conductance of R-P3HT, which is realized through voltage 

sweeping. As confirmed above, the unique conductance change in the system is 

associated with interactions between the dipole moment-induced electric field and the 

mobile ions.

The findings of the investigation described in Chapter Four, as well as the current-voltage 

characteristics depicted in Figure 5.1, indicate that both P4VP and CoBr2 increase 

the conductance in the system. The CoBr2 is the only non-organic compound utilized 

in the device, and it is highly toxic, which is not a desirable feature. Therefore, to 

determine whether the electric field induced by P4VP is sufficient for the stable operation 

of the device the current-voltage characteristics of reference (P3HT/P4VP/PSS+K+(1%)), 

and Co-modified (P3HT/P4VP/CoBr2/PSS+K+(1%)) devices were measured, and are 

illustrated in Figure 5.7. To examine the stability of both devices the measurements were 

registered for several operation cycles.

Figure 5.7 Current-voltage characteristic measured for a) reference sample (purple) and b) Co-modified 
sample (orange). The plots in insets illustrate Hysteresis Index calculated for ±27.5 V

The current-voltage characteristics in Figure 5.6 show that the conductivity of both device 

types undergoes dynamic changes in response to the applied voltage. In the Co-modified 

system, Figure 5.7 a), currents measured for respective voltages in the following cycles 

are slightly higher, and they reach a stable state after multiple measurement cycles. 

On the contrary, the currents measured for the reference system consistently decrease 

with each voltage sweep, as depicted in Figure 5.7 b).
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The insets in the second and fourth quarter of the I-U plane illustrate the Hysteresis Index 
(HI)92, calculated as follows:

(5.2)

where the I1 is the current measured in the forward direction of the voltage sweep, 

and the I2 is the current measured in the reverse direction of the voltage sweep. 

The Hysteresis Index was calculated for consecutive measurement cycles in positive 

and negative parts of the current-voltage characteristics for a voltage set as 27.5 V. 

This specific voltage is related to the maximum value of calculated HI, which appears 

to depend on voltage, as illustrated in Figure 5.8 for a) reference and b) Co-modified 

devices. As depicted, the HI tends to stabilize around approximately 0.55 for the reference 

system and 0.40 for the Co-modified system.

The HI calculated for the Co-modified device exhibits a slight asymmetry in positive 

and negative parts (c.a. 0.42 in the positive part vs. 0.44 in the negative). However, 

the shape of the curves is similar regardless of the voltage polarity. The HI calculated 

for the first measurement cycle, red rectangles in the plot, shows a slight deviation in 

the positive voltages range and is related to the beginning of the measurement. 

However, after 3 cycles, the HI dependence on the voltage polarity disappears, as was 

seen in the insets in Figure 5.7.

Figure 58. Hysteresis Index calculated in successive cycles for a) reference and b) Co-modified devices

To further examine the device's stability and performance the resistance of both systems 

has been calculated. The results are shown in Figure 5.9 as a function of time during 

the voltage sweeps. The blue line in the plotted graph illustrates the voltage progression 

in time. As can be seen, the resistance calculated for both devices oscillates in time and
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the resistance of Co-modified system is lower, compared to the reference sample.

After the first voltage sweep, where the change of the conductivity of the system 

is the highest, the performance of the Co-modified sample is more stable compared 

to the reference device. What is worth noting, for both Co-modified and reference 

systems, is the phase shift between the electric field variation and the resistance 

of the system. Moreover, a slight asymmetry of resistance amplitude between ± 

polarization has also been observed.

Figure 5.9. The systems' resistance calculated as a function of time for a) reference sample and b) Co -
modified sample

Based on these findings the Co-modified system, due to its high performance 

and improved stability, has been selected to be further investigated.

5.3. Time constants of ion relaxation processes
As mentioned before, the devices have been tested with a PSS matrix enriched 

with 1% of potassium ions. To examine whether the admixed ions change 

the dynamic of processes occurring in the system, the devices with pure 

PSS (R-P3HT/P4VP/CoBr2/PSS) and PSS enriched with 1% of K+ ions 

(P3HT/P4VP/CoBr2/PSS+K+(1%)) were prepared, and their current vs. time curves were 

measured.

Figure 5.10 presents current vs. time curves registered for three different voltage 

sequences: 1) -10V, -50 V, +10 V, +50 V (Figure 5.10 a, b), 2) +10 V, +50 V (Figures 

5.10 c, d), and 3) -10 V, -50 V (Figures 5.10 e, f). The duration of each potential step 

in voltage sequence 1) was set as 20 s and in voltage sequences 2) and 3) as 6 s. 

The switching time was fixed and shorter than 0.25 ms. To observe the relaxation 

processes occurring after ±50 V pulses stimulation, the “read” potential was selected
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to be ±10 V. The value ±10 V was selected as it does not change the conductivity 

of the system in a significant way while ensuring a good signal-to-noise ratio in 

the current response of the device.

Figure 5.10. Current vs. time plots measured for devices with pure PSS (a, c, e) and PSS admixed with 1% 
of potassium (b, d, f) for three different voltage sequences: a), b) -10 V, -50 V, +10 V, and +50 V with 20 s 
potential step duration, c), d) +10 V, +50 V, and e), f) -10 V, - 50V with 6 s potential step duration. 
The switching time was set below 0.25 ms

Upon the application of a +50 V potential, the conductivity of both systems increases, 

with the corresponding currents approaching 0.23 mA for the PSS device and 0.12 mA 

for PSS+K+(1%) device. In contrast, when +10 V is applied the conductivity decreases 

as the respective currents drop by an order of magnitude, as shown in Figure 5.10 a) 

and b). Moreover, the current response of devices, illustrated in Figure 5.10, exhibits 

notable symmetry in relation to the polarity of the applied voltage.
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The conductivity of the system with pure PSS matrix decreases globally in each following 

measurement cycle, as depicted in Figure 5.10 a). The respective currents registered 

for +50 V decreased approximately by 22% during the 4 cycles. The results 

of examination of the system admixed with 1% of K+ reveal the current decrease only 

by 8%, indicating more stable operation of the device.

Figure 5.10 c-f) shows, that through alternating between ±10 V and ±50 V the same 

symmetry is visible in case of both types of devices when a positive-only or negative- 

only voltage sequence is applied. Until the fourth cycle of applying the ±50 V sequences, 

the conductivity increases globally and then decreases with each following cycle.

Moreover, the devices demonstrate exponential current response increase upon 

application of ±50 V and exponential decrease as the voltage drops down to ±10 V pulses, 

indicating the systems' relaxation. To analyse the time dependence of the measured 

currents depicted in Figures 5.10 c-f) quantitively, the current values were described 

as a double exponential decay. The function, which describes two coexisting 

ion relaxation processes, is given by:

I ( t ) = A  (exp ( ς )  +  exp ( θ )  +  B, (5.3)

where I(t) is the current value in time t, A and B are signal amplitudes, and τ1 and τ2 are 

time constants of two independent relaxation processes.

The mean time constants for a device consisting of a pure PSS matrix were determined 

as follows: for the +10 V sequences τ1,+10V = 0.26 s and τ2,+10V = 1.89 s, for the -10 V 

sequences τ1,-10V = 0.27 s and τ2,-10V = 1.64 s.

The mean time constants calculated for a device consisting of PSS+K+(1%) film equal to: 

for the +10 V sequences τ1,+10V = 0.23 s and τ2,+10V = 2.21 s, for the -10 V sequences 

τ1,-10V = 0.20 s and τ2,-10V = 1.99 s.

Figure 5.11 illustrates the total statistical distribution of the time constants for both device 

types. The plot implies that the addition of potassium ions alters the dynamics 

of relaxation processes in the PSS matrix. This result can be explained based on the values 

of the ionic radius of potassium and sodium. Sodium cation, native to the PSS layer, 

has a smaller ionic radius compared to potassium cation. The displacement of both types

of ions is influenced by electric fields of the same magnitude and intensity, however, 

due to their differences in masses and ionic radius the sodium ions are expected to be less
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inert in their reaction to the stimuli as well as migrate faster compared to potassium ions. 

Moreover, due to its large size, the K+ will also encounter more resistance in its movement 

through the polymer matrix, what might be a factor contributing to higher values 

of τ2 determined for the sample. The study of relaxation processes was further explored 

and is a subject of Chapter Six.

Figure 5.11. Time constants of relaxation processes determined from fitting Equation 5.3 to experimental 
data of devices consisting of pure PSS and PSS enriched with 1% of potassium ions. a) τ 1 determined for - 
10 V reading pulses, b) τ2 determined for -10 V reading pulses, c) τ1 determined for +10 V reading pulses, 
and d) τ2 determined for +10 V reading pulses

5.4. Mimicking of the Short-Term Synaptic Plasticity
The results presented in the last section indicate that the devices exhibit one of the key

properties desired in neuromorphic computing -  the exponential relaxation of electric 

current. This feature can be elicited through applying electrical pulses which modify 

the device's conductivity for a certain time. In general, the conductivity can be increased 

by pulses of positive polarity, called potentiation (P), and it can be decreased by pulses 

of negative polarity, which corresponds to the depression (D) of a synapse.

The memristor which mimics such a behaviour can be classified as a biomimicking 

memristive device. In order to determine, whether the studied system can emulate 

the potentiation and depression of a synapse, the current response of a Co-modified device 

with the PSS matrix containing 1% of K+ was measured to a series of pulses.
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The current response of the device was measured under a +10 V bias between a series 

of potentiating (+50 V) pulses and depressing (-50 V) pulses, referred to as programming 

pulses. The state of the device was determined based on the response of the device 

measured under +10 V bias, referred to as reading pulses (R). The duration of each pulse 

was fixed as 100 ms and the time interval between pulses was set as 225 ms.

Figure 5.12. a) Current response measured at +10 V in between application of potentiating (+50 V) or 
depressing (-50 V) pulses. The sequence in which the pluses were applied is shown in the bottom left inset; 
b) the measured current response to reading pulses of +10 V magnitude divided into regions of potentiation 
(P in blue) and depression (D in orange)

Figure 5.12 a) shows the measured response of the device to potentiating and depressing 

pulses. As can be seen, during potentiating pulses global conductivity of the system 

increases with each step, regardless of the voltage magnitude, what is shown in 

Figure 5.12 b) as a current measured under +10V bias measured in between 

the programming pulses. What can also be seen, is that the application of depressing 

pulses decreases the device's conductance.

Previously, the systems' response to the voltage of +10 V magnitude has been shown 

to be not sufficient to increase devices' conductivity, as it was observed in Figure 5.10. 

Therefore, the current increase and decrease, measured as a response to the signal of lower 

magnitude in Figure 5.12 b), is related to the device programming with preceding pulses 

of higher magnitude. Due to the ionic relaxation processes, the state of the programmed 

device is temporal.

The dynamic alteration of device's conductance state mimics an important synaptic 

function, called Short-Term Plasticity, indicating possible implementation of the device 

in neuromorphic systems.
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5.5. Device modelling attempt
5.5.1. Physical model
In the last part of the Chapter the attempt was made to describe the device mathematically. 

As the experiments are time and resources consuming, the equations which recreate 

the devices' response might be useful to utilize them in simulations and, based on their 

results, determine the best experiment parameters.

To explain the symmetry in the system's current response and it's unique direction 

of conductance changes we should consider the spatial electric field distribution from 

the two-electrode system of height 100 nm. In between the electrodes, in the area over 

the channel, the electric field is symmetric with respect to the line perpendicular to 

the channel center.

The field attracts the charges to the interface on one side of the channel, and is responsible 

for a repulsive force on its other side. The switch of polarity changes the direction 

of applied electric field to reversed, but the overall symmetry of the system remains 

unchanged. In order to get a better understanding a simplified field distribution is shown

Figure 5.13. Simplified field distribution of a two-electrode system under a positive and negative external 
potential

By considering this aspect, together with the proposed model, it provides an explanation 

for the symmetrical conduction behaviour of the system under positive and negative bias.

In order to formulate the current flow equation of the system it is important to remember 

that the device is based in the architecture of OFET, which has to be further adapted based 

on the phenomena occurring in the system. The current flow in OFET in a linear regime,
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which applies to the data presented in Figure 5.1, with the external gate potential UG 

is given by10:

Ids =  CiV- x  ~  x  (P g -  ^ τ ) ’ ^ ds , (5∙4)

where Ci is the gate capacitance per unit area, W is channel width, L is length, and μ 

is the carrier mobility of the semiconductor∙ If we take into account a homogeneous dipole 

layer the electric potential induced within it can be expressed at:

Φdipole la y er  (ft) Φ(.0') x  ( 1 -  (5∙5)

where R is distance from the dipole layer, φ(0) = σ∕(2εrεo) and σ corresponds to the surface 

density of the dipole moments, and r is a radius of dipole layer approximated to a disc∙ 

The Equation 5∙5, which can be used to describe the electric field induced in the P4VP- 

CoBr2 complex, can substitute the gate potential in Equation 5∙4∙ Therefore, the current 

flow in the Co-modified device can be expressed as follows:

In Equation 5.6 the Ci has been expressed as εoεr∕R  to further emphasize the relationship 

between the current and distance. To simplify the current modulation related to ion 

mobility, the Equation 5.6 can be reduced to:

Ids =  ' G  ' ~ '  ^ dip  ' Ud s, (5.7)

where Udip corresponds to the dipole-induced potential. If we add to this formula the 

electric field modulation related to ion migration the equation can be expressed as:

w
Ids ' ' (Pd ip  * ^ io n s) ' Uds> (5.8)

where the Udip*Uions part of the equation is the convolution of dipole-induced electric 

field and electric field related to presence of ions. This simplified equation is a function 

of the Udip*Uions convolution and USD, as remaining factors such as Ci, μ, W, and L 

are constants. The convolution of the dipole-induced and ion-induced electric fields 

together with constants can be interpreted in terms of conductance G, and the resulting 

current flow can be expressed as:

Ids =  G ∙ Uds. (5.9)
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Taking into account the assumption about the symmetry in devices current response 

we can consider two different resistance regions in the device: region containing ions 

(high resistance R+) and region depleted in ions (low resistance R-). The relationship 

between resistance and conductance is R = 1/G.

In case of absence of external electric field the ions are evenly distributed 

in the PSS layer, as confirmed by static TOF-SIMS measurements (Figure 5.5). It allows 

us to assume that in this condition the average resistance in both regions is even. 

However, if the electric field is applied to the system, it forces ion displacement, 

which results in formation of regions of high and low resistance. The ion migration 

through the polymer matrix is not an instant process, which was shown in Figure 5.10 

as exponential current value increase over time. Therefore, the resistance of a system 

containing ion reservoir depends on two factors: magnitude of applied voltage U 

and time t. Figure 5.14 illustrates in a simplified manner the regions of high and low 

resistance with distribution of potassium ions plotted in orange. Assuming that the two 

distinctive resistance regions in the sample can be approximated to series connection, 

the resistance of the system is a sum of resistances of both regions and is given by:

R (U ,t)  =  R - (U ,t)  +  R + ( U ,t ) . (5.9)

Figure 5.14. Simplified distribution of potassium ions of a) a device in the absence of external potential 
and b) device under +50 V bias

In the absence of external electric field the two components of resistance are equal and 

can be expressed as conductance:
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1
R -  =  R + 1G02 0

1G_

1
^G+' (5.10)

where G0 is the initial value of conductance, and G- and G+ correspond to regions of low 

and high conductance. The equation can be rewritten as:

1G-  =  G+ = τ-  =  q- (0) =  q+ (0), (5.11)
_κ∩2 0

where q-(0) and q+(0) are initial conductance values of low and high conductance regions 

at U = 0. The conductance is a function depending on time and applied potential, and its 

change over time can be described as:

dG+ (U,t)
d t

- a (G+ -  q+), (5.12)

dG- (U,t)
d t

- a ( G _ -  q_ ) , (5.13)

where α corresponds to time constant of ion relaxation processes. The values of q- 

and q+ also change in relation to applied potential:

^^ - (U) =  ι+ e x p ( - ^ )  , (5.14)

δq+(^)  =  ι+ expσ( ^ ) . (5.15)

The equations 5.11 - 5.15 take the systems symmetry into account, and by incorporating 

them into Equation (5.9) conductance changes and current flow can be expressed as:

G (U ,t) 1
R- (U,t)

1
R+ (U,t) ’ (5.16)+

I(U , t) = U ∙ G ( U ,  t ) . (5.17)

The simplified model presented above does not consider spatial distribution of ions, 

but separates the device into two regions of distinctive resistance. Therefore, further

development of the model requires more complex study of the ion distribution 

in polymer matrix. Regardless of it, the simulation, performed by numerically solving 

the equations 5.11-5.17, replicates, to some extent, the unique shape and changes

of conductivity in the hysteresis loop exhibited by the studied system, as illustrated 

in Figure 5.14.
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The simulation model parameters were set as: a = 0.65 1/s , e = 1  V , Uo = 1  V , 

σ = 5∙10-6 1/Q, and G0 = 1∙10-6 1/Q. The time step of simulation was fixed as 1 s to 

replicate the parameters of current-voltage characteristic measurements.

Figure 5.15. Result of numerical simulation of the simplified model performed for parameters set as:
a = 0.65 1/s, e = 1 U. Uo = 1 V, σ=5 ∙ 0 -6 1∕Ω, and U0=1 ∙ 0 -6 1/Q; solid lines indicate the direction o f 
voltage sweep during the first operation cycle and dashed lines during following voltage sweeps 

Unfortunately, the model performs well only during the first operation cycle, where 

it reproduces both current values and the direction of current increase. Starting from 

the second cycle the direction of conductance changes switches, therefore the model does 

not reproduce the systems' character correctly as shown with dashed lines on Figure 5.15. 

This issue demands further investigation and for the sake of simplicity 

the phenomenological model was developed, as described below.

5.5.2. Phenomenological model
In order to phenomenologically describe the device as a mathematical model it has 

to replicate it's features. The findings presented in this chapter indicate two unique 

features of the system: continuous modulation of conductance and the direction of those 

changes. However, the aforementioned mechanism of device operation implies a rather 

intricate form of equations describing the physical interactions within the system. As this 

matter requires to be further examined, a simplified difference-equation model has been 

proposed.

78



The model assumes time t to be a discrete value step and the current response It to be 

a function of voltage Vt and conductance Ct. The model equations are given as:

(5.4)

(5.5)

where the coefficients τ and η represent the time and voltage dependence 

of the conductance change, respectively. The initial parameter values were estimated 

by fitting the model equations to experimental data obtained for a device containing 

1% of potassium addition.

Figure 5.16. Current-voltage characteristic of experimental data (red) and reproduced by model equations 
(black); the models' initial parameters were set as C0 = 2.90∙10-6 mS, τ = 0.93, and η = 1.62∙10-8 mS/V

As can be seen in Figure 5.16 the model equations (black points) replicate the continuous 

alteration of conductance and the direction of its changes (red points). 

The model parameters and the initial conductance value C0 were estimated as τ = 0.93, 

η = 1.62∙10-8 mS/V and C0 = 2.90∙10-6 mS through fitting model equations to experimental 

data. As shown in Figure 5.17 the changes of resistance in the system are also well 

replicated by the proposed model.
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In the proposed model the conductivity change depends on two factors, which

dynamically alter the Ct value: τC t - 1  and η ∖Vt ∖. In terms of physical interpretation, 

the first component relates to relaxation processes occurring in the system and the second 

component represents the conductance change caused by applied voltage. 

This interpretation aligns with the hypothesis, in which two processes alter 

the conductance in the system: the external electric field, which causes ion migration, 

and the spontaneous ionic relaxation responsible for device volatility.

The voltage dependency of conductance change is related to the parameter η. 

In the proposed model it is a constant, which represents the absolute value of the voltage- 

dependent conductivity. The competing process, corresponding to ion relaxation, depends 

on τ coefficient. For the model to replicate the key properties of the system 

the τ coefficient has to be set below 1, otherwise, the hysteresis loop will disappear from 

the current-voltage characteristic. Another feature of the system, its symmetry regardless 

of the polarity of the applied voltage, is reproduced by the absolute value of voltage |Vt| 

in equation 5.5. Further analysis of the model in relation to its ability to reproduce other 

experimental data is a subject of Chapter Six.

5.6.Conclusions
The system, which is the objective of this dissertation, has been investigated in terms 

of the origin of its unique memristive character. At first, through the use of various 

methods, it has been confirmed that the external electric field causes ion migration within 

the PSS matrix. Moreover, the interactions occurring at the P4VP-CoBr2/PSS interface 

have been confirmed to be responsible for the dynamic changes in conductivity 

in R-P3HT. This effect has been postulated to be caused by electric field modulation
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caused by ion mobility. Additionally, by step-by-step measurements, it was verified that 

the memristive character of the device can be cancelled in the absence of a layer with 

an ion reservoir, which was illustrated in I-U curves of devices consisting 

of R-P3HT/P4VP/PMMA (accomplished by replacing PSS with PMMA). The possibility 

of cancelling the memristive character of the device was also validated by limiting 

the ion mobility at low temperatures. It was shown that through a significant reduction 

of the temperature, the ion movement can be inhibited.

It was shown that the devices display highly stable hysteresis loops, which have been 

obtained by smooth tuning of conductance caused by voltage sweeping. In addition, 

the study of constants of relaxation processes implies that, to some extent, the dynamics 

of the system can be controlled by changing the composition of the ionic reservoir. 

Based on these findings a simplified model of the device has been proposed 

and confirmed to mimic the shape and direction of changes in conductivity 

in the hysteresis loop.
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CHAPTER Six -  Response to different stimuli

In this chapter, the study of the system is extended to its response to different types 

of stimuli. The results of this study should provide more information on the dynamics 

of the processes occurring in the system while it operates, as the system's principle 

of operation is based on collective ion diffusion in a polymer matrix, which does not 

partake in the current conduction. Therefore, by forcing ion movement through different 

types of stimuli, the system should shift to non-equilibrium state and its' response should 

depend both on the type of stimuli and the past state of the device. Another factor, which 

should be included in the results analysis, is the systems' inertia related to the dynamics 

of collective ion movement, which should be apparent during fast voltage switching.

The Chapter consists of three parts. At first, the sampling frequency of the measurements 

is determined based on results from Impedance Spectroscopy. The selected measurement 

steps are further used to examine the device's responses to stimuli differing in signal 

shape, amplitude and duration. In the third part of the Chapter, the devices' 

phenomenological model is tested in terms of its ability to reproduce the experimental 

data, providing information about its' utility.

6.1. Sample preparation and characterization
Sample preparation. The samples, if not stated differently, were prepared following 

the device preparation process described in Chapter Three.

Electrical characterization. The samples consisting of R-P3HT/P4VP/CoBr2/ 

PSS+K+(1%) were characterized in terms of current response to various voltage stimuli. 

The measurements were performed using computer controlled source-meter, Keithley 

2400, at ambient temperature and in an inert gas atmosphere.

The voltage pulses were 225 ms or 400 ms long and the time step between the current
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reading pulses was set as 0.125 s or 0.3 s. The samples were tested in the voltage range 

from -50 V to +50 V with different voltage steps.

Additionally, the current-voltage characteristics were measured in the voltage range from 

-50 V to +50 V with voltage step 5 V/2 s.

Simulations. The simulations were performed using the phenomenological model 

of the device described in Chapter Five. The model parameters obtained through 

fitting data to the model were determined as: τ = 0.946, η = 1.58 ∙ 10-8 mS/V, 

and C0 = 5.42 ∙ 10-6 mS. The simulations were performed by testing the models response 

to the stimuli matching the input signals from the experiments.

Impedance Spectroscopy. Samples for the Impedance Spectroscopy were prepared 

on S161 substrates, following the preparation process described in Chapter Three with 

one alteration: omitting the R-P3HT layer. The samples with pure PSS matrix and with 

1% addition of K+ were examined using the SI technique. The measurements were

performed in an inert gas atmosphere at an ambient temperature, and in a wide range

of frequencies (0.001 Hz -  1MHz) with a measurement voltage of AC equal to 0.1 V.

6.2. Results

6.2.1. Determining the sampling frequency
As shown in Chapter Five, the relaxation processes occurring in the system can 

be described as a combination of two coexisting processes. The time step of these 

processes should correspond to characteristic time constants of ion relaxations.

In order to determine the values of these time constants the samples consisting 

of P4VP/CoBr2/PSS and P4VP/CoBr2/PSS+K+(1%) were examined using Impedance 

Spectroscopy in a wide range of frequencies. To obtain reliable results, the measurements 

were performed for four different devices.

The results, which are illustrated in Figure 6.1 a) for devices admixed with potassium 

and c) for reference samples, indicate the occurrence of relaxation processes 

in the frequency range below 1kHz. The data measured for consecutive devices, shown 

in red, blue, yellow, and green, overlaps, which proves the measurement's reliability.

To determine the frequencies of the relaxation processes the measurements were 

performed in the frequency range from 1 mHz to 1 kHz, and the results are illustrated 

in Figures 6.1 b) for PSS+K+(1%) and d) pure PSS. What is worth noting, is that 

the results reveal a characteristic time constants' shift from higher frequencies, for
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the sample with pure PSS, to slightly lower frequencies for the sample with a 1% addition 

of K+, which is highlighted in circles. The characteristic time constants determined 

for the sample admixed with 1% of K+ are c.a. 0.02 Hz and 10 Hz, which corresponds 

to relaxation time constants c.a. 50 s and 0.1 s respectively. In the case of the sample with 

pure PSS, the characteristic time constants occur at c.a. 0.04 Hz and 20 Hz, resulting 

in relaxation times c.a. 25 s and 0.05 s.

c)

f [Hz]

Figure 6.1. Results of Impedance Spectroscopy measurements performed for samples in frequency 
range a, c) 0.1 Hz to 1MHz and b, d) 0.001 Hz to 1000 Hz for samples consisting of 
a, b) P4VP/CoBr2/PSS+K+(1%) and c, d) P4VP/CoBr2/PSS

The 0.02 Hz and 0.04 Hz sampling frequencies are too low for their applicability, 

therefore the 10 Hz and 20 Hz frequencies were considered in further study. 

Unfortunately, due to equipment limitations, the highest sampling frequency, which can 

be used in the experimental setup is 8 Hz. Taking this into account, and the 8 Hz value 

being close to 10 Hz, the sampling frequencies for further examination were selected 

as 8 Hz (0.125 s) and 3.3 Hz (0.3 s). The 0.3 s time step of measurement was selected to 

differ significantly from 0.125 s but remain applicable.

f [Hz]
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6.2.2. Device response to various signals
To determine whether the time step of measurement alters the operation of the system, 

the device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) was examined at three fixed 

time steps of measurements: 2 s, 0.3 s, and 0.125 s. For consistency's sake, five devices 

were prepared and the most durable specimen was selected for further study.

At first, the current-voltage characteristics of the devices were measured in the voltage 

range from -50 V to 50 V with a 5 V per measurement step. The results, presented 

in Figure 6.2, correspond the first loop measured with a) 2 s (red), b) 0.3 s (blue), 

and c) 0.125 s (green) time step. What is interesting, is that the hysteresis loop gets narrow 

as the time step between the following measurement points decreases. It can be seen 

as a very narrow hysteresis loop measured for 0.125 s time step. This result implies that 

close to the characteristic time constant the hysteresis loop can be cancelled, showing that 

the device's response can be altered not only by temperature but also by adjusting 

measurement settings such as sampling frequency.

The aforementioned findings show that the sampling frequency alters the device's 

response -  the more time ions have to migrate the more their influence on the conductance 

manifests itself.

What is also worth mentioning, is the lack of symmetry in the I-U curve measured with 

0.3 s time step. As can be seen in Figure 6.2 b), the loop is wider in positive polarity, 

compared to negative one. This lack of symmetry is rather intriguing and requires 

extending the analysis to different types of stimuli, which was performed for time steps 

set as 0.125 s and 0.3 s. The 2 s time step, regardless of the symmetry and wide hysteresis 

loop, was excluded from the investigation due to its' low applicability. Therefore, further 

study was conducted using 0.125 s and 0.3 s time steps to determine possible differences 

in signal shapes measured as a response to various stimuli.
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Figure 6.2. Current-voltage characteristics of device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%)
measured with a measurement time step a) 2 s, b) 0.3 s, and c) 0.125 s

In the next step of the investigation, the device was tested in terms of its response to 

the semi-rectangular signal, as shown in Figure 6.3 (right axis).

The results, shown in Figure 6.3, prove that the character of the devices' response 

is similar for both measurement steps, however, both the maximum current and the slope 

of the current increase are different. What has to be stressed, is that the results 

are presented as a function of measurement step instead of time. This particular way 

of results presentation is related to transistor-like voltage dependency of current values. 

Therefore, to analyse the response measured with the 0.125 s measurement step, one has 

to take into account the shorter measurement time. This factor might be responsible 

for lower current values measured for the 0.125 s time step, as the ions have less time 

to migrate in between the consecutive voltage steps.
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Figure 6.3. The current response of the device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) 
to rectangular signal with magnitude growth after each magnitude minimum; the response was measured 
for 0.125 s (green) and 0.3 s (blue) sampling rate and is presented as a function of measurement step

To further examine the device's response in different measurement time steps, 

the response, presented in Figure 6.4, to rectangular signal alternating between a) 10 V 

and 50 V, and b) -10 V and -50 V was measured.

The results show a lower current magnitude measured for time step 0.125 s, as it was 

reported earlier. As the slope of both signals measured for ± 50 V slightly differs, 

the signal measured for ± 10 V was fitted to Equation 5.3 to determine the time constants 

of relaxation processes for both time steps. The current response of the device to ± 10 V 

also exhibits a difference in signal magnitude and has a slightly altered slope for both 

time steps, which might result in altered time constants of relaxation processes 

and provide information about the dynamics of occurring processes.
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Figure 6.4. Current response of the device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) to rectangular 
signal alternating between a) 10 V and 50 V, b) -10 V and -50 V measured with the sampling rate 
0.125 s (green) and 0.3 s (blue)

The calculated time constants of relaxation processes are presented in Figure 6.5. 

The boxes in green correspond to time constants determined for the 0.125 s time step, 

and in blue to the 0.3 s time step. The values of time constants determined under 10 V 

bias for 0.125 s time step equal τ1,+10 V = 1.16(23) s and τ2,+10 V = 7.7(2.7) s.

Corresponding values determined for 0.3 s time step equal to τ1,+10 V = 1.44(22) s, 

and τ2,+10 V = 8.4(2.2) s. As can be seen, the values of the first and the second time 

constants determined for 10 V for both time steps are similar and overlap in the range 

of measurement uncertainty. The standard deviation calculated for both of the τ2 is rather 

high, however, the results of this study serve to indicate trends, therefore they were 

included in the analysis.

On the contrary, as illustrated in Figures 6.5 b) and d), the disproportion between the time 

constants in negative polarity is higher and might be related to the aforementioned lack 

of symmetry in negative polarity of the current-voltage characteristic from Figure 6.2 b). 

The time constants determined under -10 V bias for 0.125 s time step equal 

τ1,-10 V = 0.15(4) s and τ2,-10 V = 1.78(37) s.

As for the time constants for the 0.3 s time step, the values were determined 

as τ1,-10 V = 0.62(39) s and τ2,-10 V = 4.58(86) s. Moreover, the range of the determined time 

constants differs for the respective time constants, indicating that sampling frequency and 

polarity alter the system's response.
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Figure 6.5. Time constants of relaxation processes determined from Equation 5.3 for device measured with 
0.125 s (green) and 0.3 s (blue) time step

For more complementary insight into the device's operation, the device's endurance was 

illustrated in Figure 6.6. The endurance was determined based on the device's response 

to selected potentials, -50 V (red), -45 V (blue), -10 V (yellow), 10 V (green), 45 V 

(purple), and 50 V (grey), during first five cycles of current-voltage characteristic 

measurement. As potentials other than ±50 V and 0 V are measured twice in one cycle 

(forward and reverse direction) the presented values were selected to represent the reverse 

direction, as it holds information about the conductance increase in the cycle.
a) 0.3 s b) 0.125 s
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Figure 6.6. The endurance of the device determined based on its response to selected potentials in 
successive cycles of the current-voltage characteristic measurement with time step a) 0.3 s and b) 0.125 s

The results, shown in Figure 6.6 a), illustrate the high stability of the device in 

the measurement with 0.3 s time step. However, the measurements performed under -10 

V imply slight asymmetry of the loop as the signal in yellow has a slight slope.
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The measurements performed with 0.125 s time step, illustrated in Figure 6.6 b), indicate 

less stable operation of the device under faster sampling frequency. This result 

is in accordance with an earlier mentioned hypothesis about the sampling rate being close 

to the devices' characteristic time constant causing distortion in the ion diffusion 

processes. Nevertheless, the current changes cycle-to-cycle remain under 10%.

To further examine the differences between the responses to different sampling 

rates, the STP function was emulated and the results of the measurements are shown 

in Figure 6.7 a) for 0.3 s measurement time step, and b) for 0.125 s time step.

Figure 6.7. The STP function emulated for the device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) 
with a measurement step set as a) 0.3 s and b) 0.125 s

As can be seen, the device emulates the STP function in measurements with both time 

step. The device's current response to the 0.3 s time step has higher magnitude, compared 

to the 0.125 s time step. Moreover, the results are shown in the measurement time scale, 

which allows us to compare the current values at specific times. The time of the end 

of potentiation of the device in measurement with 0.125 s time step is indicated 

in Figure 6.6 a) with a green dashed line. The red dashed lines in Figure 6.6 a) and b) 

show the current value at that time measured in the experiment with 0.125 s time step.

As illustrated, the device with a longer time step reaches higher current values, which was 

previously suggested to be related to a longer time of ion diffusion in between subsequent 

voltage pulses. At the same time, the 0.125 s time step is closer to the characteristic time 

constant of the ion diffusion processes, which might also decrease the values of measured 

current, as in the resonance frequency the motion of ions is limited to their normal modes. 

What is also worth noting is the irregular shape of the curves, measured for 0.125 s time 

step during potentiation, and for both time steps in depression. The irregularity implies 

the occurrence of the competitive process, which at some point, decreases
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the conductance during the potentiation and increases it during the depression. 

This observation requires further investigation, which will be a subject of different study, 

not included in this thesis.

So far, the STP function has been emulated including both device potentiation 

and depression. However, it was shown before that the system exhibits spontaneous 

relaxation. Having this in mind, the sample response at 10 V was tested for a series

of potentiating pulses after which the device was left to relax spontaneously. The result 

of this experiment is shown in Figure 6.8.

Figure 6.8. STP function, with spontaneous relaxation after the period of potentiation, emulated for the 
device consisting of R-P3HT/P4VP/CoBr2/PSS+K+(1%) with a measurement step set as a) 0.3 s and b) 
0.125 s

The results of emulation of STP function with spontaneous relaxation illustrate a fast 

current decrease followed by signal saturation. The current value, after spontaneous 

relaxation, saturates at a higher value compared to the results shown in Figure 6.7. 

In contrast, during forced device depression, the slope of the current decrease is higher, 

and instead of saturating, the current starts to increase at some point during 

the measurement. This result is interesting, especially in terms of the device's 

applications, where the lack of device depression to decrease its conductance is an asset, 

allowing to decrease the power usage. Moreover, spontaneous relaxation allows omitting 

the current increase, which appears at some point of device depression.

6.2.3. Phenomenological model validation
Based on the findings presented earlier in this chapter, further study, regarding validation 

of the phenomenological model, was conducted for the 0.3 s sampling rate.

As devices from different samples differ slightly in terms of their parameters, the current- 

voltage characteristic of the device examined in this chapter was fitted to the model
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equations to determine its parameters. As it was shown in Figure 6.2 b), the current- 

voltage characteristic measured with a 0.3 s time step lacks symmetry, therefore the model 

equations were fitted to data measured with a 2 s time step. This approach is valid due to 

the model's character, in which the conductance change depends on two factors:

τC, which relates to relaxation processes and η∣Vt∣, which is responsible for 

the conductance increase related to voltage amplitude. The model assumes that the τ and 

η parameters are constant and their values should be independent of the sampling rate. 

The values specific for the studied device were estimated as C0 = 5.42∙10-6 mS, τ = 0.946, 

and η = 1.58∙10-8 mS/V. The current-voltage characteristics measured for the device, 

referred as data, and reproduced by the model are presented in Figure 6.9.

Figure 6.9. Current-voltage characteristic of experimental data (red) and reproduced by model equations 
(black); the models' initial parameters were set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

As can be seen, the model replicates the smooth tuning of conductance quite well in terms

of the current values and shape of the hysteresis loop.

As shown in Figure 6.10 a) changes of resistance in the system are also well replicated 

by the model. However, there seems to be a phase shift between the model and the data. 

A similar feature, the phase shift between the current and voltage, has been reported 

in Chapter Five and was shown in Figure 5.9 for the experimental data. As it is shown 

in Figure 6.10, the model replicates this feature, however, modelled data is shifted around 

1.8 s compared to the experimental data. These findings imply that the model is sufficient 

to replicate the key features of experimental data but requires further refinement.
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Figure 6.10. a) Resistance changes and b) current response for experimental (black) and modelled (red) 
data; the models' initial parameters were set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

Based on the aforementioned results, the model's ability to replicate key properties of the 

system can be concluded. These results were obtained for a triangular signal with a fixed 

voltage step equal to 5V. In such conditions, the model imitates the smooth tuning of 

the device's conductance with high accuracy.

In the next step, the investigation was extended to experimental and simulated responses 

to the sinusoidal signal. The results, illustrated in Figure 6.11, show that the hysteresis 

loop is more narrow in the case of experimental data, compared to the model. 

Moreover, the first loop simulated for the model deviates from the following loops, which 

replicate the forward direction of the loop in the experiment with good accuracy.

What is also worth mentioning is that the model assumes symmetry in the system 

and does not replicate the narrower loop in the negative polarity measured for the device. 

This finding implies that it is necessary to investigate the lack of symmetry of the device 

in order to include in the model a factor reflecting this behaviour. As this matter requires 

more attention it will be addressed in a different study, which will not be included in 

the framework of this thesis.
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Figure 6.11. The current response to sinusoidal signal of experimental data (red) and reproduced 
by model equations (black); the models' initial parameters were set as C 0 = 5.42∙10-6 mS, τ = 0.946, 
and η = 1.58∙10-8 mS/V

To examine this hypothesis the model was used to simulate current response to voltage 

sequences of 10 V, 50 V, -10 V, and -50 V. The calculated current values are presented 

as a function of time in Figure 6.12 in black, together with the current response of the 

device illustrated as red rectangles.

What should be addressed at first is the difference in the slope of the current increase and 

decrease. It is also apparent, that the current values differ between the experimental results 

and the model. The values simulated for the model are lower compared to the current 

measured for the device, and the disproportion appears to be related to the switch between 

the value of applied voltage from lower to higher magnitude. Furthermore, when the 

voltage changes from high to low values, the simulated currents tend to be higher than 

the experimental values. This leads to the conclusion that the fast changes between 

potential values require additional simulation steps, which would address the breaking of 

symmetry caused by these events.
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Figure 6.12. Current vs. time plots of device (red) and model (black) in response to voltage sequence 
of -10 V, -50 V, +10 V, and +50 V with 20 s potential step duration ; the models' initial parameters were 
set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

To address this issue, the simulation was modified to include additional steps 

corresponding to the transition between abrupt voltage changes or different polarities. 

This operation can be justified by the execution of voltage switching in the experimental 

setup, which is performed in a similar manner. Such an approach also includes 

the changes of ion distribution throughout the layer caused by altered direction or 

magnitude of the electric field.

The simplified scheme of the simulation before and after including additional steps is 

presented in Figure 6.13. The additional voltage step was fixed as 2.5 V, as this was the 

value of the voltage step in between the following points in the current-voltage 

characteristic used to determine the model parameters. The number of additional steps 

depended on the value of the voltage change.
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Figure 6.13. Scheme of the simulation voltage steps a) performed with rapid voltage changes, and b) after 
including additional steps

As can be seen in Figure 6.14, after incorporating the additional steps in between 

the voltage switching, the difference between the current measured for the device (red) 

and simulated using the model (black) is smaller, around 0.05 mA. Nevertheless, 

it appears that either the model parameters, fitted for the current-voltage characteristic 

with a fixed voltage step, or the model equations do not replicate the device's exact 

response in terms of the signal slope and magnitude.

Figure 6.14. Current vs. time plots of device (red) and model (black) in response to voltage sequence 
of -10 V, -50 V, +10 V, and +50 V with 20 s potential step duration; the simulation performed with the 
additional steps in between rapid voltage changes; the models' initial parameters were set as 
C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

To extend the analysis to different types of signals, the device's response (red) and 

the response of the model (black) to a semi-rectangular signal with magnitude growth
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after each minimum value, set as 0 V, are presented in Figure 6.15. As can be seen, 

the current calculated in the simulation is lower compared to the experimental data. 

The difference between the values in each voltage step is around 0.10 mA, meaning that 

the model successfully replicates the transistor-like current increase related to the applied 

voltage. This implies that the model parameter η related to the current increase 

in the system might be too low, as the slope of the current increase is too steep. 

However, the lack of signal saturation in the simulated data, which is related 

to the τ parameter, competing with the η and decreasing systems conductance, suggests 

that the model equations might require refinement. As the model relies on the recurrence 

function, including two previous terms, instead of one, might solve this issue. 

However, it requires further study and will not be a subject of this thesis.

Figure 6.15. Figure 6.14. Current vs. time plots of the experimental data (red) and the model (black) in 
response to rectangular signal with magnitude growth after each magnitude minimum; the simulation was 
performed with the additional steps in between rapid voltage changes; the models' initial parameters were 
set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

Similar conclusions can be made based on results presented in Figure 6.16, where 

devices' and models' responses to rectangular signals alternating in between a) -10 V 

and -50 V, and b) 10 V and 50 V are illustrated. Comparing Figure 6.16 with Figure 6.14 

it is apparent that the model performs better when polarization changes occur, as when 

it alternates between values of the same polarization the conductance value is updated too 

rapidly.
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Figure 6.16. Current response of the device (red) and model (black) to rectangular signal alternating 
between a) -10 V and -50 V, and b) 10 V and 50 V; the simulation was performed with the additional steps 
in between rapid voltage changes;

To complete the analysis, the model was tested in terms of its ability to emulate the STP 

function. The simulations were performed including the additional steps in between the 

abrupt voltage changes and without it. Figure 6.17 a) shows the experimental data (red) 

and simulated response of the model (black) without the additional voltage steps.

As can be seen, the character of the response to voltage pulses of 10 V, differs from 

the experimental data both during the potentiation (50 V), and depression (-50 V). 

However, during the latter part, the conductance of the device does not decrease, 

as expected, but rather saturates. This behaviour might be related to too slow conductance 

changes or to the absolute value of voltage, which is hidden in η∣Vt∣ term of the equation 

during the conductance change.

t [s]

Figure 6.17. The STP function emulated experimentally (red) and simulated using model equations (black) 
a) without and b) with additional steps in between rapid voltage changes; the models' initial parameters 
were set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

t [s]
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If we include the additional steps in between the abrupt voltage changes, the simulated 

current response changes in terms of signal saturation.

As can be seen in Figure 6.17 b), the potentiating pulses increase the conductance too 

rapidly, as well as the conductance decreases too fast when the depressing pulses are 

applied.

On contrary, in the STP function in, which the device is left to spontaneously relax, the 

model and the experimental data are similar in terms of the signal shape. Nevertheless, 

the current values at the beginning and end of the simulation differ from the experimental 

data, as shown in Figure 6.18 a). What is interesting is that the model reaches similar 

current values at the end of the potentiation period. Figure 18 b) shows a comparison 

between the experimental and simulated data if we include additional steps in between 

potentiating and reading pulses.

Figure 6.18. The STP function with spontaneous relaxation emulated experimentally (red) and simulated 
using model equations (black) a) without and b) with additional steps in between rapid voltage changes; 
the models' initial parameters were set as C0 = 5.42∙10-6 mS, τ = 0.946, and η = 1.58∙10-8 mS/V

Based on these findings the model is accurate in terms of replicating the character 

of the devices response. Moreover, the simulated currents are of the same order 

of magnitude as the experimental data. Therefore, the model equations require refinement 

but can be used to predict the device's response. Due to the model's better performance 

without the conductance adjustment in STP with spontaneous relaxation, this approach 

was utilized in simulations described in Chapter Eight.
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6.3. Conclusions
In this Chapter, the device's response to signals differing in shape and sampling frequency 

was investigated. At first, based on findings from Impedance Spectroscopy 

measurements, the characteristic time constants of measurements were determined 

as 3.33 Hz and 8 Hz, which corresponds to 0.3 s and 0.125 s time steps. Next, the device's 

responses to different stimuli were analyzed in terms of alterations of current response 

in different sampling frequencies.

The study revealed that the faster the sampling frequency, the narrower the hysteresis 

loop in the current-voltage characteristic. This effect is associated with 8 Hz (0.125 s time 

step) being close to the characteristic time constant, in which the ions' movement 

is limited to their normal modes. Moreover, the devices' response measured to different 

types of stimuli revealed that the 8 Hz sampling frequency leads to slightly lower 

measurement stability.

Analysis of devices' response to different types of stimuli revealed that the currents 

measured with 0.3 s time step reach higher values in the same measurement times, 

compared to the 0.125 s time step. This feature is related to the time between 

the consecutive voltage steps and the ions' ability to migrate within the measurement time 

step. As the 0.125 s time step is closer to the characteristic time constant, which limits 

the ions' mobility, and the ion movement was shown to be inert, the measured currents 

have lower magnitude. The study revealed another important feature of the system, 

showing the system's ability to relax spontaneously after the series of potentiating pluses 

in the STP function. This feature is interesting, especially in terms of the device's 

applications in systems with spontaneous information decay.

In the second part of the Chapter the phenomenological model of the device, described 

in detail in Chapter Five, was tested in terms of its ability to reproduce systems response 

to various stimuli. The study shows that the model performs well in terms of smooth 

tuning of conductance, however, has problems reproducing the current response to rapid 

changes of resistance. An attempt to solve this issue was made by incorporating additional 

steps in between rapid voltage changes. This approach proved to be useful in terms 

of adjusting conductance values after an abrupt voltage switch, however, it does not solve 

the issue with conductance increase tempo.

These results imply the necessity to refine the model equations with additional terms, 

which would keep up with the conductance increase and allow the system to saturate
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in the right time range. Nevertheless, the results of the simulations show that the model 

is able to mimic the experimental data in terms of character response. The values 

of simulated currents remain in the same order of magnitude as the experimental data, 

indicating that the model requires only minor adjustments.
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CHAPTER Seven -  Different types of ions

In this Chapter, the systems' investigation is further extended to study the devices, which 

contain different types of ions admixed to the PSS layer. The aim of this study is to 

determine whether the type of ion admixed to the polymer matrix changes the dynamics 

of processes occurring in the system allowing control over the systems' response. 

At first, the results of the investigation of devices containing pure PSS and PSS admixed 

with 1% potassium or bromide ions are presented. Both ions differ in ionic radius size 

and the sign of electric charge, which could potentially influence the operation of 

the device due to altered dynamics of processes occurring in the matrix. In order to 

characterize the devices and determine whether the type of ion addition alters the devices 

performance, their responses to different stimuli are shown and compared in terms 

of current response.

The second part of the chapter includes the preliminary results obtained for samples 

containing pure PSS matrix, and PSS admixed with 1% of lithium, sodium, potassium, 

bromide, chloride, or fluoride and their analysis. As these are only preliminary results 

their purpose is to show the trends and indicate the direction of further development 

of the system.

7.1. Sample preparation and characterization
Sample preparation. The samples, if not stated differently, were prepared following 

the device preparation process described in Chapter Three. The samples, consisting 

of R-P3HT/P4VP/CoBr2/PSS differ in the type of the ion admixed to the PSS matrix.

Electrical characterization. The devices were characterized in terms of their current 

response to various voltage stimuli. The measurements were performed using computer 

controlled source-meter, Keithley 2400, at ambient temperature and in an inert gas 

atmosphere.
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The current-voltage characteristics were measured in the voltage range from -50 V to 

+50 V with voltage step 2.5 V/s. The device's responses to different types of stimuli were 

tested using the reading intervals set as 0.3 s. During that time the voltage corresponding 

to the value of reading voltage was kept. The samples were tested in the voltage range 

from -50 V to +50 V with different voltage steps.

7.2. Results

7.2.1. Comparison between samples containing pure PSS and PSS admixed with 

potassium and bromide
The main goal of this investigation is to determine whether the device's response changes 

depending on the type of ion present in the PSS matrix. As it was mentioned before, 

the PSS contains sodium ions to stabilize the polymer, therefore there are two types 

of ions in the samples: sodium and admixed ions (K+, Br-).

At first, the devices' current-voltage characteristics were measured to compare the current 

values as well as the width of hysteresis loop. Figure 7.1 illustrates the current-voltage 

characteristics of devices consisting of R-P3HT/P4VP/CoBr2 and a) pure PSS (yellow), 

b) PSS with the addition of 1% of potassium ions (red), and c) 1% of addition of bromide 

ions (blue). As shown, the measured current values are similar for all three types 

of samples, and the maximum current values, measured at 50 V, equal to 0.45 mA 

for PSS, 0.45 mA for PSS+K+(1%) and 0.53 mA for PSS+Br-(1%).

The measurements were performed with a 2.5 V/s time step, meaning that the ions with 

similar ionic radius should migrate at a similar rate, resulting in similar current values. 

On the contrary, the bromide ion, which has the largest ionic radius reaches the highest 

current value, which might be attributed to its diffusion time. As the measurement time 

step is set as 1 second, smaller ions might relax faster and start returning to their initial 

position, which would result in lower current values.
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Figure 7.1. Current-voltage characteristics of devices consisting of R-P3HT/P4VP/CoBr2 and a) pure PSS 
(yellow), b) PSS with addition of 1% of potassium ions (red), and c) 1% of addition of bromide ions (blue); 
the black circles correspond to the current-voltage characteristics simulated with model parameters 
determined as: a) C0 = 5.22∙10-6 mS, τ = 0.931, and η = 1.81∙10-8 mS/V, b) C0 = 5.42∙10-6 mS, τ = 0.946, 
and η = 1.58∙10-8 mS/V, and c) C0 = 6.49∙10-6 mS, τ = 0.949, and η = 1.64∙10-8 mS/V

Based on the measured currents, the devices' model parameters were determined 

by fitting the data to model equations, and are summarized in Table 7.1. The simulated 

current responses are marked as black circles in Figure 7.1, and as can be seen, reproduce 

the experimental data satisfactorily.
Table 7.1. Model parameters fitted for the devices containing pure PSS, PSS admixed with 
1% of potassium and 1% of bromide

Parameter PSS PSS+K+(1%) PSS+Br-(1%)
C0 [mS] 5.22∙10-6 5.42∙10-6 6.49∙10-6

τ 0.931 0.946 0.949
η [mS/V] 1.81∙10-8 1.58∙10-8 1.64∙10-8

The parameters determined for each of the devices showcase similar initial conductance 

values for samples with PSS and PSS+K+(1%). The C0 determined for a device with 

bromide addition is slightly higher, however in the same order of magnitude as for 

the other samples. The τ parameter is comparable for the devices with the extra ions,
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but lower for the sample with pure matrix. On the contrary, the η parameter is the highest 

for the sample with pure PSS matrix and has similar values for samples admixed with 

potassium and bromide. These results suggest that the sample containing bromide 

addition has the highest conductance and saturates faster than other samples. 

On the contrary, a sample with a pure PSS matrix has the highest value of the η parameter, 

which suggests that the conductance changes, related to the η∣Vt∣ factor, should be more 

noticeable, compared to other devices.

In the next step of the investigation, the device's endurance during the first three cycles 

of operation was analysed in terms of device's stability. The illustrated values correspond 

to the reverse direction of the measurement. As can be seen in Figure 7.2, all three devices 

show slight instability during the second cycle, which is visible as an overlap of ±45 V 

and ±50 V signals. What is worth noting, is that the device with 1% of potassium addition

exhibits the most stable operation, however, the results show a slight current asymmetry 

in positive and negative polarity.

Figure 7.2. The endurance determined based on current response to selected potentials in successive cycles 
of the current-voltage characteristics measured for samples containing a) pure PSS, b) PSS admixed with 
1% of potassium, and c) PSS admixed with 1% of bromide

In the next step, the devices' current responses to voltage sequences of -10 V, -50 V, 

+10 V, and +50 V, with a 4.5 s potential sequence duration, were tested. The results,
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shown in Figure 7.3, show that the device with the addition of 1% of potassium (in red) 

reaches the highest current values. The lowest current values were measured for devices 

with 1% of bromide (in blue). These results suggest that the type of ion, cation 

or anion, or its' size influences the magnitude of the systems' response.

What is also worth mentioning, is that the sample containing bromide addition reached 

the highest current values in the current-voltage characteristic shown in Figure 7.1. 

This indicates that the signal shape and sampling frequency affect the dynamics 

of processes occurring in the system, and are related to ionic composition of PSS matrix. 

In terms of the character of the current response, the device admixed with potassium 

exhibits current distortion both in positive and negative polarities, however, the signal 

measured in positive polarities resembles the response of a device consisting of pure PSS 

matrix.

As for the signal measured for the device containing bromide in the PSS matrix, 

the current values saturate faster, compared to other devices. This result implies that 

the bromide ions, which have a bigger ionic radius than sodium and potassium ions, 

exhibit slower relaxation.
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Figure 7.3. Current vs. time plots in response to voltage sequences of -10 V, -50 V, +10 V, and +50 V with 
4.5 s potential sequence duration measured for samples containing pure PSS (yellow rectangles), PSS 
admixed with 1% of potassium (red circles), and PSS admixed with 1% of bromide (blue triangles)
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On the contrary, the lower current values measured for devices with bromide addition 

might be related to Br- anions being repulsed from the dipole layer, to which the sodium 

ions, also present in the PSS layer, are attracted. The influence of Na+ cation, 

which initially decreases the conductance due to its attraction to the dipole layer, 

can be partially compensated by Br- anions, which will be repelled by the dipole-induced 

electric field. Therefore the difference in the charge distribution in the P4VP-CoBr2/PSS 

system might be the cause of the conductance decrease.

To extend the investigation of this phenomenon, the device's current responses 

to rectangular signals alternating between -10 V and -50 V, or 10 V and 50 V is illustrated 

in Figure 7.4. What is interesting, the magnitude of the measured current remains 

similar for the device admixed with 1% of bromide (blue triangles), compared 

to the results presented in Figure 7.3. However, the current values measured for samples 

with pure PSS (yellow rectangles) and PSS admixed with 1% potassium ions (red circles) 

are lower, compared to the values illustrated in Figure 7.3. This result indicates that 

the changes in the voltage polarity might cause symmetry breaking in the system, 

resulting in higher current values for samples containing only one type of mobile ions 

(cations).

In case of lack of polarity changes, the system admixed with bromide ions, which contains 

both Na+ and Br-, due to ions compensating each other to some extent, and due to longer 

relaxation of bromide ions, the symmetry in the system is preserved and its response 

remains similar regardless of the polarity changes. As for the devices containing 

only mobile cations, lack of polarity changes might result in different ion distributions 

throughout the PSS layer, compared to the distribution caused by the polarity switch, 

resulting in lower current values.
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Figure 7.4. Current response to rectangular signal alternating between a) -10 V and -50 V, and b) 10 V 
and 50 V measured for devices containing pure PSS (yellow rectangles), PSS admixed with 1% of potassium 
(red circles), and PSS admixed with 1% of bromide (blue triangles)

To further examine the processes occurring in the samples, the time constants of the 

relaxation processes were fitted to the current values measured under ±10 V bias, 

illustrated in Figure 7.4. The data were fitted to Equation 5.3, and the distribution of 

calculated values is shown in Figure 7.5.

The results indicate that the time constants depend on the polarity of the measurement. 

In a positive polarity sample with 1% potassium addition tends to have the highest values 

of both relaxation constants. However, in negative polarity, it is the other way around, the 

values of relaxation constants are the lowest for the sample containing potassium ions. 

What is worth mentioning, is that both the first and second time constants are in the same 

value range in both polarities.

However, the results cannot be interpreted without considering over 9% of the mass 

of PSS being Na+, which means, that these values should be considered in relation to time 

constants determined for pure PSS. In this context, in the positive polarity addition of 

both K+ and Br- increases the mean values of both time constants. In negative polarity, 

the sample containing bromide has a slightly higher value of τ1 and a lower value of τ2, 

compared to the PSS. However, the values determined for the sample admixed with 

potassium, indicate that the addition of a cation with a bigger ionic radius than sodium 

decreases the time constants in negative polarity and increases them in positive polarity.

As the values were determined based on data shown in Figure 7.4, they can only indicate 

trends, which are apparent in Figure 7.5. What is surprising, is that the time constants 

determined for a sample containing bromide ions have the highest value for the first time 

constant, however, it is not the case for the τ2. Moreover, the mean values of time
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constants in both polarities determined for samples containing bromide are similar. 

This result indicates that the dynamic processes occurring in the device containing both 

Na+ and Br- ions are symmetric in regard to voltage polarity.

Figure 7.5. Time constants of relaxation processes determined from Equation 5.3 for devices containing 
pure PSS (yellow), PSS admixed with 1% of potassium (red), and PSS admixed with 1% of bromide (blue)

The changes between relaxation constants in between polarities might be also a cause 

of different current responses during the measurements performed while switching 

between polarities and within one polarity. This might serve as an explanation, as 

the values of time constants for both PSS and PSS+K+ change in different polarities, but 

remain almost the same for the sample with bromide regardless of the polarity.

Additionally, the samples were tested in terms of their ability to emulate synaptic 

plasticity with spontaneous relaxation. The results, illustrated in Figure 7.6, show that all 

the examined samples are able to replicate the STP function. The measured currents are 

the highest for the sample containing potassium addition, and the lowest for the sample 

containing bromide. This further proves that by admixing different ions it is possible to 

change the conductance of the system without changing the character of its response.
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Figure 7.6. The STP function emulated experimentally for devices containing pure PSS (yellow rectangles), 
PSS admixed with 1% of potassium (red circles), and PSS admixed with 1% of bromide (blue triangles) ; 
the inset shown magnification of signal measured for sample containing bromide

What is also interesting, is the distortion of the signal visible for the sample admixed 

with potassium ions, which is not present in the signal measured for the sample with pure 

PSS. The distortion, registered at the beginning of the potentiation, as shown in the inset, 

is also visible for the sample containing bromide. This matter requires further 

investigation and will be addressed in a separate study, which will not be a part of this 

thesis.

The aforementioned results indicate that by admixing different ions to the PSS matrix it 

is possible to alter the systems' current response, in terms of its magnitude, as well as to 

change the time constants of the relaxation processes. Moreover, the results prove that 

the character of response is similar, however, differs in terms of the time required for the 

systems' saturation. The additional ions were also proved to cause distortions in the 

measured signals, compared to the response measured for samples with pure PSS.
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7.2.2. Analysis extended to different types of ions
In the next part of the research, the analysis was extended to devices containing more 
types of ions: lithium (Li+), sodium (Na+), potassium (K+), fluoride (F-), chloride (Cl-), 

and bromide (Br-). All the samples consisted of R-P3HT/P4VP/CoBr2 and PSS admixed 

with 1% of respective ion or left undoped for reference. All the samples were prepared 

in the same batch of samples in order to be able to compare them. For simplicity, 

the results are illustrated separately for anions and cations. This part of the Chapter 

presents the preliminary results, which will be expanded in the future. Nevertheless, the 

preliminary results showcase interesting trends and were included as part of this thesis.

At first, the current-voltage characteristics of the devices containing anion additions were 

measured with a 5 V/s time step and the results are presented in Figure 7.7. The plot 

shows only the first cycle of device operation, and the results for respective ions are 

compared to the signal measured for the reference sample with a pure PSS layer.

As can be seen, the sample containing the ion with the biggest ionic radius, potassium, 

reaches the highest current values. What is also interesting, is that the maximum value 

of current measured for this device is almost 4 times lower, compared to the same device 

prepared in a separate batch, which is illustrated in Figure 7.1.

Figure 7.7. Current-voltage characteristic measured for devices containing addition of 1% of lithium 
(grey), 1% of sodium (green), 1% of potassium (red) and reference sample with pure matrix (yellow)

Samples containing only sodium ions in the matrix, samples with PSS and PSS+Na+(1%), 

reach similar current values in positive polarity, however, the sample with pure PSS
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matrix exhibits higher conductance in negative polarity, as the current values measured 

in 50 V reach 0.093 mA and in -50 V 0.100 mA. On the contrary, the sample with 

the addition of sodium ions is more symmetric in terms of current values measured 

in different polarities, which suggests that the addition of ions stabilizes the device's 

operation and introduces symmetry to the system.

Unfortunately, in the positive polarity, there is no apparent relation between the ionic 

radius size or electronegativity on the measured current values. Such a relation appears 

in the negative polarity of the current-voltage characteristic, as the bigger the ion 

the higher the current values flowing through the device.

Figure 7.8 shows the results of current-voltage characteristics measurements performed 

for devices with pure PSS or PSS with the addition of fluoride, chloride, or bromide ions. 

As can be seen, the results indicate that the addition of anions results in a lack of symmetry 

of the hysteresis loops measured for different polarities. Moreover, the width 

of the hysteresis loop differs between the polarities, and is bigger in positive polarities, 

with the exception measured for the device with the addition of chloride ions.

Figure 7.8. Current-voltage characteristic measured for devices containing addition of 1% of fluoride 
(purple), 1% of chloride (pink), 1% of bromide (blue) and reference sample with pure matrix (yellow)

As can be seen in Figure 7.8, there is no apparent relationship between the measured 

current and the size of the ion or the electronegativity. To determine whether the results 

are compromised in any way due to preparation issues, the devices' responses to voltage
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sequences alternating between 10 V, 50 V, -10 V, and -50 V was measured. The results 

obtained for samples containing the addition of cations are presented in Figure 7.9.

t [s]

Figure 7.9. Current vs. time plots in response to voltage sequences of -10 V, -50 V, +10 V, and +50 V 
with 4.5 s potential step duration measured for devices containing addition of 1% of lithium (grey), 
1% of sodium (green), 1% of potassium (red) and reference sample with pure matrix (yellow)

As can be seen, the current measured under ±50 V bias for devices with pure PSS 

and PSS admixed with potassium is slightly distorted at the beginning of the sequence. 

Moreover, the signal measured for these devices has a different slope and appears 

to saturate faster than devices with the addition of sodium or lithium. All the samples, 

excluding devices with the addition of sodium ions, exhibit decreased conductance in 

the negative polarity. The sample consisting of PSS with 1% of sodium ions enrichment 

reaches higher current values in this measurement, which has a 3.33 Hz sampling 

frequency, compared to the results from Figure 7.7.

Similarly, the devices containing PSS doped with anions showcase differences in signal 

slope, as shown in Figure 7.10. The highest current values were recorded for the device 

containing bromide addition. Samples containing fluoride or chloride exhibit lower 

conductance than the reference sample consisting of pure PSS.
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Figure 7.10. Current vs. time plots in response to voltage sequences of -10 V, -50 V, +10 V, and +50 V 
with 4.5 s potential step duration measured for devices containing addition of 1% of fluoride (purple), 
1% of chloride (pink), 1% of bromide (blue) and reference sample with pure matrix (yellow)

The aforementioned results suggest differences in the dynamics of ion relaxation 

processes occurring in samples admixed with different ions. This result is consistent with 

the results presented and described in part 7.2.1. of this Chapter. However, due to 

differences in measured current values, the analysis can only be used to illustrate trends 

and requires to be extended to a larger sample population to come to reliable conclusions.

In order to compare the dynamics of processes occurring in the devices, the time constants 

of relaxation processes were determined by fitting the experimental data to equation 5.3. 

The results, presented in Figure 7.11, show that both the first and second time constants 

are in different value ranges in positive and negative polarities. Moreover, the results 

indicate that the relaxation processes occurring in negative polarity are slower, which 

corresponds to higher current values measured in Figures 7.9 and 7.10.

The first box in each of the panels corresponds to the time constants determined for 

the reference sample with pure PSS. The following boxes correspond to devices with 

different ions and are presented in the order of growing ionic radius size.
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Figure 7.11. Time constants of relaxation processes determined from Equation 5.3 for devices containing 
pure PSS (orange) and PSS with addition of 1% of lithium (grey), 1% of sodium (green), 1% of fluoride 
(purple), 1% of potassium (red), 1% of chloride (pink) and 1% of bromide (blue)

Based on the results presented in Figure 7.11 it can be concluded that the results indicate 

the trend of higher relaxation times for samples admixed with ions of bigger size. 

However, the results obtained for the sample with the addition of bromide are not 

consistent with the results presented in Figure 7.5, which follow the suggested trend.

The differences between this preliminary study and the results shown earlier in this thesis 

suggest that this investigation requires to be extended to larger sample population 

to obtain more results. Nevertheless, the trends illustrated by the results of this study 

suggest that by admixing different ions into the PSS matrix it is possible to alter the time 

and character of response of the device. It is a promising result, which implies that by 

a simple change in the last step of device preparation process it is possible to alter the 

devices features.

7.3. Conclusions

The results discussed in this chapter, show that by admixing different ions to the PSS 

matrix it is possible to alter the systems' current response. It was shown, that this is
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possible both in terms of the current magnitude, as well as in terms of the time constants 

of the relaxation processes. Based on the current vs. time plots it can be concluded that 

the character of the device's responses remains similar, however, differs in terms of the 

time required for the systems' saturation, which is visible as different signal slopes. 

The study, which compares samples containing pure PSS matrix and PSS enriched with 

1% of potassium or bromide implies that the ion addition incorporates distortions in the 

measured current.

The preliminary results of the study extending the analysis to different ions suggest the 

existence of a relation between the size of the ionic radius and the time constants of 

relaxation processes. Unfortunately, due to too small sample population, the results can 

only indicate trends and further study is required to confirm this observation. Moreover, 

the interpretation of the results should include the difference in the counterions between 

anions and cations. The counterion for cations is triflate, and for anions, it is ammonium, 

and further study should include an analysis of the counterion's influence on the system's 

operation.

Nevertheless, the results shown in this Chapter show the system's utility as a volatile 

memristive device with possibility to easily adjust the device's information retention time 

by addition of a respective ion.
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CHAPTER Eight -  Study of possible applications

The preceding Chapters explored the systems' features and provided information about 

its characteristics. This Chapter utilizes these findings to determine the devices' utility 

in two possible applications: as building blocks of composite memristive circuits and 

as artificial synapses in Spiking Neural Networks.

The first possible application, composite memristive circuits, is postulated based 

on memristors' stochastic nature in certain conditions. The studied system has been 

shown to be highly stable in a wide parameter range, however, it was only explored 

in one device scenario. Various memristive devices have been reported in the literature 

to behave in an unpredictable manner if connected in a certain way or operating in 

a specific parameter range. This feature has been utilized in particular in random numbers 
generator architectures93,94. Therefore, the first part of the Chapter aims to explore 

whether the studied system displays any fluctuations or distortions in its' current response 

when connected in certain ways. In particular, the devices were tested in linear 

and parallel connections and in a connection inspired by Wheatstone's bridge.

The second part of this Chapter explores the devices' applicability as an artificial synapse 

in Spiking Neural Networks. The investigation was performed for the 2-Alternative- 

Forced Choice (2AFC) Experiment95, which is inspired by biological decision-making 

behaviour. At first, the device's model was tested in terms of its response to Spike Trains 

to establish whether the device is able to mimic synapse-like behaviour. 

Based on the results, the model was further used to determine the system's ability 

to reproduce the 2AFC Experiment. The success of simulations was further followed 

by experimental implementation of the experiment. The experimental data was further 

used to test the models' prediction accuracy utilising the voltage sequences from 

experiment as simulation inputs.
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8.1. Sample preparation and characterization
Sample preparation. The samples, if not stated differently, were prepared following 

the device preparation process described in Chapter Three.

Electrical characterization in connections. The samples consisting of R-P3HT/ 

P4VP/CoBr2/PSS+K+(1%) were characterized in terms of their current response to long 

voltage sequences between 5 V and 50 V. The voltage sequence was held 

for 300 readings. The time step between the current reading pulses was set as 0.125 s 

or 0.3 s. The measurements were performed using a computer-controlled source meter, 

Keithley 2400, at ambient temperature and in an inert gas atmosphere on two devices 

connected in series as well as parallelly. Corresponding measurements were performed 

for connection based on Wheatstone's bridge.

Electrical characterization in 2-Alternative Forced Choice Experiment. Measurements 

were performed for four firing probabilities: 5%, 10%, 30% and 50% at each 

measurement step. The sampling rate was set as 250 ms, the reading potential as +10 V 

and the spike potential as +50 V. The responses of the device were tested for three 

numbers of points set as 15, 20, and 25, which translates to measurement times: 3.75 s, 

5 s and 6,25 s. The measurements were performed for a number of trials fixed as 20.

Simulations of 2AFC. The simulations were performed using the phenomenological 

model of the device described in Chapter Five. The model parameters obtained through 

fitting experimental data to the model were determined as τ = 0.93, η = 2.62∙10-8 S/V, 

and C0 = 2.90∙10-6 mS. The simulations were performed by testing the models' response 

to the stimuli matching the input signals from the experiments.

8.2. Results

8.2.1. Connections between devices
So far, the system has been tested in a single-device scenario. However, various device 

implementations require different connections between devices and other circuit 
elements96,97. Therefore, the devices' responses were tested in two basic connections: 

in series and in parallel, as shown in Figure 8.1.

The behaviour of memristor connections might be non-trivial and depend on the initial 

state of the devices. However, linear and parallel connections for voltage-dependent 

memristors should obey the same rules as connections between resistors98.
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Figure 8.1. Scheme of composite memristive circuits in a) series and b) parallel connection

The current I at time t for two ideal voltage controlled memristors with resistances R1(U,t) 

and R2(U,t) connected in series can be described by:

(8.1)

whereas for two ideal voltage controlled memristors in parallel connection it is given by:

(8.2)

The tests were performed using two measurement time steps: 0.125 s and 0.3 s.

It was shown before that the system is less stable close to its characteristic time 

constants, therefore the 0.125 s sampling rate is expected to provide valuable 

information on the system's response close to the edge of its stable operation.

At first, two out of five devices with the closest conductance values were selected based 

on their current-voltage characteristics. The devices were connected in series and tested

for their response to voltage sequences in the range from 5 V to 50 V with a sampling 

rate set as 0.125 s. Each of the respective voltages was held for 300 measurement steps. 

The results of the measurements are shown in Figure 8.2.

As can be seen, the operation of two devices connected in series is stable when 

it operates at 20 V and above this value. However, under 10 V and 15 V bias signal 

fluctuations were observed for devices connected in series, as shown in insets. 

It is also worth mentioning that the current drop at the beginning of each of the 

measurements is not a valid result, but rather an anomaly caused by the circuit 

capacitance.

In previous Chapters, the +10 V potential was used as a reading voltage, as it is not 

strong enough to cause a significant ion movement in the PSS matrix. As the electric
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field is too weak to cause ion migration, the mechanisms previously connected 

to devices' stable operation might be too weak to influence the system operation, 

allowing for temporal signal distortions.

Figure 8.2 Current response of two devices connected in series measured in voltage range from 5 V to 50 
V with 0.125 s sampling rate

The insets in Figure 8.2 show the signal distortions registered for device connection 

operating under 10 V and 15 V bias. In order to describe the observed fluctuations 

an autocorrelation function was calculated using Python statsmodels library99. 

Specifically, the plot_afc() function was used to illustrate the autocorrelation of time 

series by lag, which corresponds to a fixed amount of passing time. They provide 

information on temporal dependency in the data.

The output plot, often called a correlogram, informs us about the relationship between 

a variable's p ast values and its current value. The Pearson correlation coefficient equal 

to 1 corresponds to a positive correlation, a value of -1 corresponds to a negative 

correlation and a value close to 0 indicates no correlation. What is worth noting is that 

the lag = 0 is the correlation of the time series with itself and it is always equal to 1100. 

The blue area on the plot depicts the 95% confidence interval, meaning that the lags 

outside of it are statistically non-zero and the lags within it are statistically close to zero.
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In order to calculate the autocorrelation function it is essential to check whether the data 

is stationary, which requires to check whether the statistical properties of the data change 

over time. It is determined based on its p-value, which has to be less or equal to 0.05. 

The p-values of the data were calculated using the adfuller() function from statsmodels 

library. The results showed that the utilised data did not meet the criteria of being 

stationary, therefore to continue the analysis the data was differentiated to fulfil this 

requirement.

After meeting the criteria of being stationary, the signal measured under 10 V bias, shown 

in Figure 8.3 a), was analysed and its autocorrelation function has been calculated, as 

shown in Figure 8.3 b).

Figure 8.3. a) Signal fluctuation measured for two memristive devices connected in series under 10 V bias 
with 0.125 s measurement step and b) it's autocorrelation function calculated with 20 lags

The autocorrelation function was calculated with a number of lags equal to 20. This means 

that the autocorrelation function was calculated between the initial data and the data 

shifted in time up to 20 time periods. What can be seen is that there is no pattern 

in the autocorrelation function, meaning that there is no seasonality in the series. 

Moreover, it is apparent that there is a strong negative correlation at lag = 1, which lies 

above the blue area and therefore has statistical significance, meaning that at any given 

time t there is a correlation between It and It-1. This result leads to the conclusion that 

the observed process is not random. There are also several autocorrelations that 

are significantly non-zero within the blue area, however they were not included in 

the analysis.

Next, the signal distortions measured under 15 V bias with 0.125 s time step were 

analysed for two devices series connection. The analysed signal is illustrated in 

Figure 8.4 a) and its autocorrelation function is shown in Figure 8.4 b).
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The results show that there is a negative correlation at lag = 1, which vanishes with the 

following lags. Nevertheless, the significantly non-zero correlation at lag = 1 implies that

the signal distortion is not random.

Figure 8.4. a) signal fluctuation measured for two memristive devices connected in series under 15 V bias with 
0.125 s measurement step and b) it's autocorrelation function calculated with 20 lags

In the next part of the study, the devices in series connection were measured in voltage 

range from 5 V to 50 V with 0.3 s time step. The results presented in Figure 8.5 imply 

that there are no significant signal fluctuations during the device operation. The only

signal distortions were measured at 30 V and 45 V bias, however, they were excluded 

from further analysis in this thesis based on initial analysis results.

Figure 8.5. Current response of two devices connected in series measured in voltage range from 5 V to 50 V 
with 0.3 s sampling rate
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The results show that the connections of devices in series exhibit fluctuations when 

operating under 10 V and 15 V bias and 0.125 s measurement step. It is in line with 

the previous assumption that the ion migration does not appear in the system when 

the electric field is too weak. In this scenario, the fluctuations can be connected to none 

of the described in Chapter Five mechanisms being strong enough to dominate 

the response of devices during their operation.

Moreover, using a 0.125 s sampling rate, due to it being close to the characteristic time 

constant, was shown in Chapter Six to cause less stable operation of devices, which 

further explains the observed distortions. Taking this and the analysis results into account, 

it is apparent that the observed fluctuations are autocorrelated and do not exhibit random 

behaviour. Therefore, the observed signal fluctuations might be related to the propagation 

of distortion from one device to another, causing them to be correlated.

In the next part of the study, the devices were connected in parallel and, at first, tested 

in voltage range from 5 V to 50 V with a time step set as 0.125 s. The results 

of the measurements are shown in Figure 8.6. As it can be seen, the measured signal 

is stable and in terms of signal shape, it does not differ in a significant way from the signal

50 V with 0.125 s sampling rate
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The results obtained for devices connected in parallel and measured with a 0.3 s time step 

also indicate stable operation of the system, as shown in Figure 8.7. As a part of 

the preliminary analysis, the distortions measured for 50 V bias were excluded from 

the autocorrelation function calculation.

Figure 8.7. Current response of two devices connected parallelly measured in voltage range from 5 V to 
50 V with 0.3 s sampling rate

The aforementioned results show that the devices' connections are stable while operating 

within the 15 V to 50 V range for both of the time steps. The signal distortions measured 

during the device's operation are most likely connected to local distortions being 

propagated within the systems, after which it returns to a semi-equilibrium state.

Moreover, the analysis performed for devices in series connection showed that 

the distortions are autocorrelated, which further supports this hypothesis. These results 

exclude the potential use of the devices as random generators. On the contrary, they show 

that the studied system might be utilised as a reliable building block of more complex 

circuits.

To support this thesis, in the next part of the study, the devices were connected into three 

memristor two resistor (3M2R) bridge. The idea behind this connection was inspired 

by Wheatstone's bridge, which is commonly used to test all sorts of signal distortions.
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It is especially useful in detecting resistance changes, as it amplifies instabilities 

propagated in the bridge. A small signal anomaly in one of Wheatstone bridge's elements 

can be propagated through it and cause a significant change in response to a different 

component. The simplified diagram of the 3M2R connection is illustrated in Figure 8.8.

The resistors used in the bridge were selected as 2 MΩ to match half of the value 

of resistance of the memristive devices used in the experiment. The measurements were 

performed in voltage range from 5 V to 50 V with 0.125 s time step. As the results 

obtained for a 0.3 s time step were similar, they are not shown in this thesis.

The results of the measurements are illustrated in Figure 8.9, showing stable operation 

of the devices connection within the whole measurement parameters range. What is also 

worth mentioning is that under 5 V and 10 V bias, the bridges' response differs from 

the one measured under higher bias, which is also in line with the previous observations.

To conclude, within the measurement parameters, the two resistor three memristor bridge 

operation is highly stable and no signal distortions were detected. This supports 

the aforementioned claim that the devices might be used as elements of more complex 

circuits. In order to do so, the research should be extended to different operation 

frequencies, as memristor bridge frequency dependency has been previously shown 
in literature as an asset101.
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Figure 8.9. Current response of three memristor two resistor bridge measured in voltage range from 5 V 
to 50 V with 0.125 s sampling rate

However, in the early stage of this research, the same connection was tested 

on memristive devices with an R-P3HT layer containing impurities. As it was shown 

in Chapter Three, the R-P3HT contamination can cause the device's instability. 

This impurity was tested to determine whether it enhances the signal distortions in the 

system and is able to introduce a stochastic nature into three memristor two resistor 

connection.

The 3M2R connection utilizing memristive devices made with an R-P3HT layer 

containing impurities was tested in the voltage range from 10 V to 45 V with a 0.125 s 

time step. The measurements were performed in an extended time, for measurement steps 

number set as 4800.

As can be seen in Figure 8.10, there is a certain parameter range within the memristor 

bridge behaves in an unpredictable manner. The signal fluctuations are the most apparent 

for measurements performed under 10 V and 15 V bias. To describe these distortions 

the datasets were analyzed as described before, using the autocorrelation function.
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Figure 8.10. Current response of three memristor two resistor bridge measured in voltage range from 5 V 
to 50 V with 0.125 s sampling rate. The measurements were performed on devices with R-P3HT 
contamination

In the first part of the analysis, the signals were tested to find out whether they are 

stationary. The calculated p-values revealed that the data was non-stationary, therefore 

signals were differentiated before calculating the autocorrelation function. 

The data analyzed for measurement performed under 10 V bias with 0.125 s measurement 

step and it's autocorrelation function are illustrated in Figure 8.11 a) and b).

Figure 8.11. a) signal fluctuation measured for three memristor two resistor bridge under 10 V bias with 
0.125 s measurement step and b) its autocorrelation function calculated with 20 lags
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The autocorrelation function illustrated in Figure 8.11 b) implies negative 

autocorrelation at lags 1, 2, and 3, as well as positive autocorrelation at lags 12 and 16. 

The points lay outside of the blue area, which implies strong statistical significance.

Based on these results, it is apparent that the signal fluctuations are non-random and the 

current measured at time tn depends on the current measured in tn-1, tn-2, etc.

The data measured under 15 V bias with 0.125 s time step was analysed using the same 

method. The results presented in Figure 8.12 show that despite major signal distortions, 

the measured current is correlated at lag = 1 and lag =2.

Figure 8.12. a) signal fluctuation measured for three memristor two resistor bridge under 15 V bias with 
0.125 s measurement step and b) its autocorrelation function calculated with 20 lags

Based on these results it is apparent that in devices connection, similarly to single devices, 

the current response is determined on their previous state. The calculated autocorrelation 

functions prove that the data carries history of the past events, which can be easily 

explained based on the device model proposed in Chapter Four.

The model describing the device uses differential equations, which couple the relationship 

between the current and conductance change, allowing to reproduce the smooth tuning of 

the devices' conductance. As the state of the device is described by the differential 

equations, it is unlikely to observe a stochastic behavior of the system.

8.2.2. Generation of neuronal spikes
The second part of the Chapter explores the devices' utility as synapses in Spiking Neural 

Networks. As it was mentioned before, among features of memristive devices, the ability 

to store information for a limited time is particularly interesting in terms of mimicking 

the activity of synapses. For example, volatile memristors have found applications in
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spiking neural networks (SNN) to store the weights of synapses in the form of 

conductance.

To emulate the behaviour characteristic for neurons, the output signal (current) is 

calculated as the dot product of the inputs (voltage) and weights (conductance), and

further integrated to return the output as their sum. In the case of multiple devices

connected parallelly, such operation is possible because of Kirchhoffs’ law -  the current 

of memristors connected parallelly to the same output neuron sums up95. However, for 

the sake of simplicity, the simulations, and experiments, described further, were 

performed for one device.

To assess the studied systems’ utility as synapses in SNNs, a series of simulations were 

performed, including an investigation of the device model’s ability to emulate spike-like 

signals.

Experimentally, the weights, corresponding to memristor’s conductance, can be adjusted 

by mimicking Short Term Plasticity (STP) function by potentiating (increasing the weight 

by applying a high voltage) or depressing a synapse (applying low voltage or voltage of 

negative polarity to decrease the conductance), as it was shown in previous chapters. The 

slow decrease of conductance after potentiation is shown in Figure 8.13, in the red circle, 

as a current decrease in following simulation time steps.

As the simulations are less time and resources consuming, the device’s model was tested 

instead of real devices. The simulation was performed using the model and parameters 

described in Chapter Five. The simulation time step was set as 0.4 s, the reading voltage 

as +10 V, and the potentiating pulse as +50 V. The voltage spike was simulated as 

a triangular signal and is shown in the upper panel in Figure 8.13. The times of spike 

occurrences were generated randomly.

The STP decays in time, therefore, to maintain the information the weight has to 

be updated throughout the simulation. It can be accomplished by applying pulses 

of higher magnitude in a short period of time. In this scenario, the conductance of the 

device increases with each pulse, what manifests as higher currents, as highlighted with 

an arrow in Figure 8.13. If the programming pulses do not occur frequently, 

the conductance decreases, and the device loses information about past events.
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Figure 8.13. Simulation of current response (bottom panel) to a stimulation with voltage pulses with a +10 

V reading pulses and +50 V programming pulses (upper panel) performed for a single device. The pulses 

were generated at random times

The significance of the frequent arrival of spikes, in terms of information retention, 

is even more visible in extended simulation time, as shown in Figure 8.14. After the 410th 

second of simulation, as highlighted in the blue box, there are 4 spikes occurring one after 

another within 30 seconds. This event results in a significant conductance increase and 

longer conductance retention time.

As can be seen, the current response depends on the temporal spacing between 

the programming spikes. Moreover, the device's volatility allows it to store information 

about past events for a limited time, which compl ies with device requirements for SNNs.

Fig. 8.14. Simulation of current response to a stimulation with a +10 V reading pulses and +50 V 

programming pulses performed for a single device in extended simulation time
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Based on these results let us consider two synapses, each of them with its' own adjustable 

weight. In this scenario, both output neurons fire in response to the same external stimuli 

(input), which is generated as a train of spikes. However, there is a delay between both 

input spikes. One of them is called excitatory Neuron A (increases weight) and the second 

one is called inhibitory Neuron B (decreases weight). The memristors A and B serve as 

a synapse, which is fed with the input signals generated in neurons A and B. 

This reasoning will allow us to understand further experiments.

Based on the temporal spacing between the spike occurrences in the spike train, we 

compare the output currents by calculating the difference between iA and iB. If the first 

input neuron spikes first then, for a short period of time, the resulting current is positive, 

otherwise, when the resulting current is negative then Neuron B fires.

To determine the impact of spike delay, two neurons were simulated: Neuron A 

(excitatory) and Neuron B (inhibitory). Both neurons were fed with the exact same train 

of spikes with 3 pulses delay between times of pulses arrival for devices A and B, 

as shown in Figure 8.14 in orange. The programming voltage was set as +30 V 

and increased in a form of a triangular shape.

Fig. 8.14. Simulated current responses (blue) to the stimulations (orange) for neurons A (top) and B 

(bottom); the delay between the pulses occurrence between devices was set as 3 pulses (iteration steps)
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As can be seen in Figure 8.15, the current difference calculated between neurons A and 

B depends on the temporal spacing between the pulses. Due to the delay, the calculated 

difference has a higher magnitude in negative current values. Therefore, in further 

experiments, the current responses are integrated at first and then the difference is 

calculated. This specific example does not possess a great experimental value, as both 

train spikes are the same, however, it shows the significance of the delay between the 

spike occurrences.

Moreover, the results of this study show the utility of the devices in SNNs.

t [s]

Fig. 8.15. The calculated difference between excitatory (A) and inhibitory (B) neurons

8.2.3. Simulation of 2 Alternative-Forced Choice Experiment
The 2-Alternative-Forced Choice (2AFC) Experiment95 is inspired by the biological 

decision-making behaviour. In the experiment a decision has to be made between two

alternative spike trains, based on noisy observations made in time95. In the experiment,

the spike trains are generated in input neurons A and B and are fed to two synapses -  

memristors MA and MB. Both spike trains differ in the number of spikes as well as the 

times of their occurrence. To simplify the simulation, the spikes are in a form of a single 

+50 V pulse, instead of a triangular one as in the tests.

For a reminder, the current response It of both memristors at a given time t depends on 

the time of occurrence of consecutive spikes and the devices conductance Ct is updated 

in each iteration step as follows:

It  =  Ct -V t , (8.1)

Ct  =  τC t - 1 +  η ∖Vt ∖, (8.2)

where τ = 0.93, η = 2.62∙10-8 S/V, and C0 = 2.90∙10-6 mS.

In the experiment, if two spikes arrive in a short time one after another, the memristors'
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conductance increases after each spike resulting in increased current response (as shown 

in Figure 8.12 in red circle). Otherwise, when the time between two spikes is long, the 

memristors' conductance value decays to some extent after the first spike.

Figure 8.16. The scheme of the 2 Alternative-Forced Choice experiment. Neuron A (orange) fires to 
the memristor MA and Neuron B fires to memristor MB. Both spike trains differ in the number of spikes and 
times of their occurrence. The current response is integrated for both memristors and the difference 
between iA and iB is calculated. Based on the value of the difference of the currents, whether it is positive 
or negative Neuron A or B fires

As mentioned before, one of the input neurons is called an excitatory neuron, Neuron A, 

which increases the weight, and the second one is called an inhibitory neuron, Neuron B, 

which decreases the weight. In this simulation, the weight of a biological neuron is 

associated with the memristors' conductance value.

During the simulation, the parameters of both memristors are calculated for reading 

voltage +10 V and spike value set as +50 V. The current response to +50 V is not 

calculated, only the conductance change is updated. The time between reading pulses is 

set as 0.4 s. Simulations for each pair of spike trains, differing in times of spikes 

appearance in each trial number, were performed for 10000 trials for statistics.

During the simulation, the memristors' current responses to spikes are calculated and 

saved. Next, the currents for both memristors are integrated and the difference between 

iA and iB, which corresponds to the integrated current response of memristors MA and MB, 

is calculated. If the resulting current difference is positive then the output Neuron A fires 

and we associate it with success, otherwise, when the resulting current is negative, Neuron 

B fires. Scheme of the experiment is illustrated in Figure 8.16.

The simulations were performed for different numbers of inputs for Neurons A and B, 

in simulation times in the range from 4 seconds to 100 seconds (10 to 400 iteration steps). 

A fixed number of train spikes for each of the 10,000 trials were generated at random 

simulation times for statistical purposes. Therefore, one trial corresponds to one 
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simulation run performed for one variable, in this experiment spike times, with other 

parameters such as simulation time and numbers of inputs, fixed.

The simulations were performed with two different initial conditions: assuming devices 

have no memory of past events (conductance is set to its initial value at the beginning of 

each trial), and with the assumption that the devices store information about past events 

(the value of conductance at the beginning of each trial is set as the conductance value 

from last iteration step of the previous trial).

8.2.4. Simulation without the memory of the past events
The simulation in which the devices do not possess memory of the past events was 

performed on devices which are set in their initial conditions at the beginning of each 

trial. The results of this simulation inform us about the probability of making the right 

choice having no memory of past events. This setup corresponds to the case of a new 

device or to the case of the time in between trials being long enough for the conductance 

to decay to its initial value).

At first, the Neuronal Spike Times for both neurons are generated at random iteration 

steps. Figure 8.17 shows an example of neuronal spike trains randomly generated in 

10 trials. The excitatory Neuron A fires 10 times and the inhibitory Neuron B fires 7 times 

throughout the simulation time.

Figure 8.17. An example of randomly generated times of neuronal spike trains of 10 spikes for Neuron A 
and 7 spikes for Neuron B presented for 10 trials

Next, the input spikes are “fed” to the memristors, and the resulting current is calculated, 

as shown in Figure 8.18. The current simulated for device A is shown in red and for 

device B in blue. The calculated currents of both devices increase in time to reach a certain

value, which is related to the e |Vt  | component of the updated conductance.
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Figure 8.18. Current response of memristor MA (in red) and memristor MB (in blue) to a spike train of 
neuronal spikes from trial 2 presented in Figure 8.17

As the spike arrives, the value of the current increases for both devices and slowly decays 

until the arrival of the next spike. The time between the arrival of spikes determines 

whether the conductance will decay (sparse pulses) or further increase (frequent pulses). 

The conductance decay caused by the rare arrival of spikes is evident for Neuron B 

(in blue) between the 13th and 20th second, in which time, during 18 iteration steps, no 

spike arrives and the conductance decays. In contrast, the increase of conductance is 
noticeable between the 12th and 13th second of simulation in the case of Neuron A (red) 

after the arrival of a train of 3 spikes in a short period of time.

In the next step, the difference between integrated currents, iA and iB, and its value 

is calculated and analysed in terms of positive or negative value. The current value 

is negative in case of more frequent activity of the inhibitory neuron (Neuron B) 

and positive when the excitatory Neuron A fires more often in a short period of time. 

Figure 8.19 shows the difference between currents at each simulation time step. 

It illustrates, that for the devices behaving like in the model -  no noise or stochasticity -  

the calculated current difference differs from zero only if the spikes appear in a short 

period of time for both neurons or when there is a long period of time with no spike

Figure 8.19. Difference between currents iA and iB calculated for each simulation step
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During the simulation, both iA and iB are integrated and the difference between the 

currents, iA - iB, is compared in terms of positive or negative value. In case of a positive 

value, which in this experiment is a correct choice, the output Neuron A fires. Otherwise, 

when the value is negative the output Neuron B fires, which is an unexpected result and 

lowers the accuracy of the performed simulations.

After each trial, the parameters of the memristors are set to initial values. The accuracy 

of the simulations for different input ratios, different simulation times and fixed 10,000 

trials were calculated as a number of correct choices divided by the number of trials95.

The results of simulations performed for 10 000 trials, in simulation times in the range 

from 1 s to 20 s, with a number of input signals for Neuron A/Neuron B set as 4/3, 4/2, 

4/1, 3/2, 3/1 and 2/1 are shown in Figure 8.20. The difference between the number of 

spikes for both neurons is set as 1, 2 or 3 to see how a slight change in the ratio between 

the number of spikes changes the accuracy of the experiment.

Figure 8.20. Results of simulation performed for number of spikes for Neuron A/Neuron B set as 2/1, 3/1, 
3/2, 4/1, 4/2, and 4/3. The simulation was performed in time range from 4 to 160 seconds for 10 000 
different trials

It is apparent that the accuracy of the experiment is lower both for the long simulation 

times as well as for the higher ratio between the number of input signals. The high 

accuracy in the case of the short simulation time is caused by a short time between the 

moments in which the spikes occur. The spikes arrive shortly one after another, therefore
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the conductance value is increased but there is no time between the spikes for its' value 

to decay. For example, in a simulation with a 4/2 input signal ratio with 4 seconds of 

the simulation time, the spikes generated by Neuron A arrive at 4 of the 10 iteration steps 

of the simulation, whereas the spikes generated by Neuron B arrive only twice throughout 

the simulation. Therefore, the accuracy will always be 100%. When we compare this 

result to the simulation with a 3/2 input signal ratio and 1.6 seconds of the simulation 

time, there are 4 iterations in the simulation (0.4 seconds each), which means that 

the spikes in Neuron A are present during 3 of 4 iterations and in Neuron B in 2 of 4 

iterations resulting in the 95,76% accuracy of the simulation.

In terms of the higher ratio between the number of spikes for Neurons A and B, 

the accuracy is higher, compared to experiments with a lower ratio. However, excluding 

the 4/1 ratio, it is not 100% due to many possible spike sequences for both inhibitory 

and excitatory neurons.

What is also noticeable is existence of the local minimum of experiment's accuracy, 

which will be analysed further in this chapter.

8.2.5. Results of simulations with memory of the past state
This simulation setup includes the devices, which at the beginning of the simulation, are 

set in the last conductance state from a previous simulation trial. This means that the 

devices have a memory of past events instead of being modelled as devices in their initial 

conductance state (resting state). This scenario corresponds to the real devices in the 

experimental setup in which the time between following trials is short.

At the beginning of the simulation the times of occurrences of neuronal spikes were 

generated at random times. An example of the Neuronal Spike Times for Neurons A and 

B generated randomly for 10 trials is presented in Figure 8.21 .
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Figure 8.21. An example of randomly generated times of neuronal spike trains of 10 spikes for Neuron A 
and 7 spikes for Neuron B presented for 10 trials

Next, the current responses to each trial were calculated for both inhibitory and excitatory 

neurons. Figure 8.22 shows current responses for memristor A (in red) and memristor B 

(in blue) calculated for the Neuronal Spike Times of trial 6 from Figure 8.21. Before the 

arrival of the first spike, as the devices have a memory of the past events and both are in 

conductance states higher than the initial one, the conductance of both devices decreases 

due to τC t - 1  factor, which is responsible for the relaxation in the system.

Figure 8.22. Current response of memristor MA (in red) and memristor MB (in blue) to a spike train of 
neuronal spikes from trial 6 presented in Figure 8.21

The difference between the current calculated for memristor A and memristor B at each 

time step is presented in Figure 8.22. As mentioned before, the currents' value is positive 

when the excitatory Neuron A fires more often and negative in case of more frequent 

activity of the inhibitory neuron (Neuron B).
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Figure 8.22. Difference between currents iA and iB calculated for each simulation step; the ratio of number 
of spikes for Neurons A and B are set as 7/10

The current values are further integrated and the iA-iB difference is calculated to determine 

the accuracy of the simulation.

Figure 8.23 shows the results of simulations performed for the number of spikes fixed as 

10 for input Neuron A and the number of spikes varying between 5 and 9 for Neuron B. 

The simulations were performed at simulation times in the range from 4 to 100 seconds. 

The simulation was performed every 2 seconds from the 4th to the 20th second and for 

longer simulation times every 10 seconds.

As can be seen, the accuracy of the simulation is the highest for the highest ratio between 

the number of A and B inputs (10/5). As the ratio between the number of input signals 

becomes smaller the accuracy of the simulation decreases in the first 20 seconds of the 

experiment and increases after reaching a local minimum. What is interesting, 

the difference in accuracy between ratios 10/7 and 10/5 is less than 1%. Moreover, lower 

ratios of input spikes tend to give lower accuracy of the simulations due to a similar 

number of spikes, which leads to smaller differences in conductance states of memristors 

and therefore lower current differences. These results show that the system performs the 

best in the 2AFC Experiment for high signal ratios conditions, however its' accuracy 

remains above 75% even when the number of spikes in trial differs only in 1 spike.
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Figure 8.23. Results of simulation performed for number of Neuron A spikes fixed as 10 and various 
numbers of spikes for Neuron B. The simulation was performed in time range from 4 to 160 seconds for 
10,000 different trials
Similarly, in Figure 8.24, the results of the simulation with a number of spikes for Neuron 

B fixed as 2 and a number of spikes for Neuron A between 3 and 5 shows that the accuracy 

decreases with simulation time for the first 20 seconds where it reaches a minimum value 

and further increases.

Figure 8.24. Results of simulation performed for number of A spikes varying between 3 and 5 and number 
of spikes for Neuron B fixed as 2. The simulation was performed in time range from 4 to 100 seconds for 
10,000 different trials
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As the results show, the system reaches the lowest accuracies when the difference 

between number of spikes is set as 1. To determine how does the accuracy change 

for different ratios in experiments where the number of spikes differs in 1 spike 

the simulations were performed for ratios 2/1, 3/2, 5/4 and 10/9.

Figure 8.25 shows that the accuracy of simulations performed for different ratios 

differing in the number of spikes by one spike is the higher the lower the number of spikes 

-  accuracy above 95% for a 2/1 ratio. In contrast the accuracy of simulations with a higher 

number of spikes -  for example, 10/9 -  decreases very fast with the simulation time, 

reaches a minimum value of 76,94% at 20 seconds and slowly increases. The increase of 

accuracy above 20 seconds of simulation can be explained in terms of more possible 

combinations of spike time occurrences (more sparse spikes) and longer times for the 

devices' relaxation between spikes.

In longer simulation times the accuracy does not reach the initial value, which is close to 

100% at 4 seconds, due to competition between excitatory and inhibitory signals, which 

differ by a single spike. It is due to less frequent spikes in longer simulation times, which 

causes that the probability of two spikes arriving before the high conductance value 

decreases is lower compared to shorter simulations.

Figure 8.25. Results of simulation performed for ratios between number of spikes of Neuron A and B 
differing in numbers of spikes by one spike. The simulation was performed in time range from 4 to 180 
seconds for 10 000 different trials
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If we compare these results to the results of the simulation performed for the devices with 

no memory of past events, they differ both in terms of the time of occurrence as well as 

the value of the local minimum. The occurrence time of the minimum value of accuracy 

in the simulation for the devices with no memory is of the same order of magnitude as 

the decay time of the conductance value determined experimentally for STP. Due to 

setting the conductance value to an initial value at the beginning of each trial, the accuracy 

of the same ratios is lower compared to the simulation with the memory of the previous 

state of conductance. For example, in the experiment with 2/1 ratio the accuracy of 

simulation without the memory of past state was determined as 89.19%, the accuracy of 

the same simulation with memory of past events equals 95.18%. These results show that 

the systems' volatility, which seemed like disadvantage because of preceding trials 

having an impact on consecutive trials, in simulations increases the systems' utility in the 

2AFC Experiment.

8.2.6. Assessment of device's utility in 2 Alternative Forced Choice Experiment
The results of simulations proved that the studied system is a good candidate for 

the 2AFC Experiment. This part of the chapter concerns an experimental attempt to this 

experiment.

The aforementioned simulations assume that both Neurons A and B are identical. 

Unfortunately, under experimental conditions, it is impossible to prepare two devices 

with identical parameters and history. Because of the limitations of the experimental 

setup, two devices cannot be measured at the same time under the same conditions. 

This would result in slight differences in devices' history. Moreover, even minor 

differences in device dynamics, for example, time constants of ion relaxation processes, 

could cause incorrect results in the experiment. Therefore, for the sake of comparability 

and simplicity, the measurements were performed for one device with different firing 

probabilities and the number of points, and the results between a series of measurements 

performed under different parameters were compared. The firing probability was 

introduced to the experiment to include the probabilistic nature of both neuronal activity 

and stimuli occurrences, and it informs us about how likely it is that the neuron will fire 

at each iteration step.

During data analysis, the results obtained for higher firing probability were taken 

as excitatory Neuron A, and the results obtained for lower firing probabilities were taken 

as inhibitory Neuron B.
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Measurements were performed for four firing probabilities: 5%, 10%, 30% and 50%. 

The sampling rate was set as 250 ms, the reading potential as +10 V and the spike 

potential as +50 V. The responses of the device were tested for three numbers of points 

set as: 15, 20 and 25, which translates to measurement times: 3.75 s, 5 s and 6,25 s. 

The measurements were performed 20 times, and are further addressed as trials, with 

random times of spikes occurrences for each combination of parameters, further referred 

to as series.

Figure 8.26 shows an example of generated Neuronal spike times for the experiment 

consisting of 20 points in each trial in which the firing probability was set as a) 10% 

and b) 30%. As can be seen, the number of spikes is not set at a specific number, 

but rather differs in between trials, due to the probabilistic nature of spikes occurrences.

Figure 8.26. The times of occurrences of neural spikes (+50 V) from the experiment with 20 points for 
firing probabilities set as a) 10% and b) 30%

The current response to the spikes (+50 V) and reading voltages (+10 V) was measured 

and further analysed. Due to the increase in conductivity of the device, while it operates, 

the experimental data from the respective series were normalized to the first current value 

measured for +10 V in the first measured trial. This way the results of measurements 

performed for different sets of parameters could be compared based on conductance 

changes within each trial, excluding the global conductivity increase.

The experiment was further reproduced in simulations. To do so, the device's current- 

voltage characteristic, measured before the 2AFC experiment, was used to determine the 

parameters of the model. The model parameters, determined as τ = 0,978, 
η = 1,88∙10-9 S/V, and C0 = 1,64∙10-6 S, were further used in simulation.

The input voltage signals from the experiment were used as inputs in the simulations for
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each of the respective sets of parameters. The simulations were performed with the 

assumption of memory of the past state, to reproduce the experiment, in which the time 

between the trials was set as 250 ms.

For the sake of consistency with the experiment, the simulated data were normalized to 

the first current value in the first trial.

Figure 8.27 shows the experimental and simulated current values before the 

normalization. The dashed lines indicate the spike appearance and the experimental data 

is shown only for the reading voltage to observe the conductance changes.

Figure 8.27. Current response to reading pulses measured experimentally (orange) and simulated with 
the model (red); the data corresponds to the 11th trial of experiment with 20 points in which firing 
probability equals 30%; the green points indicate the experimental data altered by capacitance effects

As can be seen, the experimental and simulated response of the device differs in terms of 

current values, which further justifies the current normalization. What is also visible is 

that the conductance increase after the spike occurrences followed by slow decay. In the 

case of the experimental data, the current increase after the spike is lower and its' decrease 

is slower, compared to the simulation. However, in the experimental setup, the capacity 

of the device lowers the current response of the system due to the voltage drop from +50 

V to +10 V. Therefore, the first record after the spike occurrence is altered by parasite
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effects and the conductance increase is delayed, as highlighted in green. 

Nevertheless, the increased conductance, and its' decay, are visible in the following 

measurement steps, indicating a successful alteration of conductance. What is also worth 

noting, is the character of the responses of the device and its model. Although the slope 

of the current decay differs slightly for real and simulated devices, the character of both 

datasets is similar allowing to compare the final results.

In the next step, the normalized data was integrated and the difference between values 

in each trial number was calculated and compared. Following, the accuracy 

of the experiment was calculated based on the 20 trials performed for each measurement 

parameter set.

The accuracy of the experimental setups' prediction is shown in Figure 8.28. The results 

of measurements performed for a) 15 points, b) 20 points, and c) 25 points are presented 

in the form of heat maps to indicate the trends. The results show that the accuracy 

is higher for experiments with more points. This result is reasonable, as the probability 

of spike occurrence corresponds to a single measurement point. Therefore, for longer 

experiments, the probability of a higher number of spikes within one trial is higher. 

Taking into consideration the 5% and 50% probability of spike occurrence, 

the disproportion between the number of actual spikes and the spike ratio within a trial 

will be higher the longer the experiment.

The calculated accuracy of the device's prediction complies with the expectations, 

in which the neuron with a higher firing probability succeeds. The only exception 

is the experiment performed for 15 points with the ratio of firing probability between 

Neurons A and B equal to 50/5. The accuracy of this probability ratio in other experiments 

(20 and 25 points) equals 1.0, meaning a 100% probability of Neuron A firing. This slight 

anomaly, 90% probability of success, might be related to lower experiment time or device 

stress.

In terms of the devices' prediction accuracy, the lowest accuracy, 70%, has been 

calculated for the series of 20 points with probability ratios 50/30 and 30/10. These results 

might be low due to the high probability of neurons firing. Also, the low number of trials, 

set as 20 due to the time required to perform all the measurements, might not reflect 

properly the real accuracy of the device, which might be different if the experiment was 

extended to a higher number of trials.
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Figure 8.28. Accuracy of experimental approach to 2AFC experiment calculated based on measurement 
results performed for a) 15 points, b) 20 points and c) 25 points. The measurements were performed on one 
device for four different firing probabilities: 5%, 10%, 30% and 50% respectively in 20 series

In the case of the accuracy of the simulations' prediction, the accuracy equals 100% for 

high probability ratios, as shown in Figure 8.29. However, the accuracy calculated for 

ratios close to each other, for example, 50/30 for the experiment with 20 points, the 

probability of success equals 60%. Compared to the experimental data, which was 

calculated as 70%, the result of the simulation has lower accuracy. What is also worth

noting is that the accuracy of the simulation is within 100% and 95% for high probability

ratios, which is higher than for experimental data, and lower for a 50/30 ratio -  60% - 

compared to 70% in the experiment. Moreover, the results of simulations rely less on the 

number of points, which is shown as equal probabilities in simulations with 15 and 20 

points. However, in contrary to the experimental data, the accuracy decreases for the trials 

consisting of 25 points, as shown in Figure 8.29 c).
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Figure 8.29. Accuracy o f simulation performed using experimental parameters me more ofpast events;
model parameters: τ = 0.978, η = 1,88∙ 10-9 S/V, C0 = 1.64∙10-6 S

Nevertheless, the discrepancy between the accuracy of experimental and simulated results 

is within 10% for trials consisting of 15 and 20 points, and within 30% for trials consisting 

of 25 points each. This result suggests that the accuracy of the model's prediction is higher 

for high probability ratios and encounters problems for high firing probabilities for both 

excitatory and inhibitory neurons (50/30 probability ratio). On the contrary, 

the experimental accuracy does not encounter the same issue and results in 95%, 70% 

and 95% success probabilities for trials consisting of 15, 20 and 25 points respectively.

To summarize, the results of experimental data suggest the devices' higher accuracy 

for the 10/5 and 50/30 firing probability ratios. On the contrary, based on the simulations, 

the model's prediction accuracy is higher, 90% to 100%, for the high ratios of firing 

probabilities (50/5, 50/10, 30/5, 30/10). This suggests that the device is more sensitive to 

less frequent stimulation, however, performs well also in the high probability ratios. 

The results show that, both the device and its model, execute the 2AFC experiment with 

high accuracy, regardless of the accuracy differences, which might be related
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to the capacity-related effects in the device. What is also worth noting is the devices' high 

durability, which allowed to perform over 200 experiment trials without noticeable 

stress-related performance drop.

8.3. Conclusions
In the first part of the Chapter, the device connections were tested to determine their 

responses in different settings. The results indicate that within a certain parameters range 

the series connection of two devices exhibits fluctuations. However, the calculated 

autocorrelation function excluded these to be random values, showing a strong correlation 

in lag = 1.

The results obtained for device connection in parallel have shown stable operation 

of devices within a wide parameters range. The results of devices connection in two 

resistor three memristor bridge supported this observation even further, showing no signal 

distortions propagated within the bridge.

Interesting results were obtained for two resistor two memristor bridge using memristive 

devices with R-P3HT contamination. The semiconductors' impurity introduced signal 

distortions into the bridges' current response, however, based on the calculated 

autocorrelation function, these instabilities were also shown to be dependent on the 

devices' history.

The correlation between current values measured at tn and tn+1 is in line with 

the devices' phenomenological model differential equations. The stochasticity 

of memristive devices reported in literature is often attributed to the randomness 

of resistive switching93. However, the memristive character of system described in this 

thesis originates from interactions between consecutive material layers, which are 

described by differential equations. The processes occurring in the system are associated 

with collective ion diffusion under applied bias, which influence the conductance 

of semiconducting layer. It is a continuous process in which the state of the device 

is described by its previous state, rather than a stochastic one.

In the second part of the Chapter, the model of the device was tested in terms of its utility 

in Spiking Neural Networks by performing a series of experiments, including 

the 2-Alternative Choice Experiment.

At first, it was shown that by applying randomly generated spikes the device's 

conductance can be adjusted for a limited time, based on temporal spacing between 
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the spikes. These results proved that the devices' model could be utilized in the 2-AFC 

experiment. The experiment was performed in two variants, without the models' memory 

of the past state and with such a memory. The accuracy of the simulations revealed that 

there is a shift in the time of the local minimum occurrence between the variants. 

Moreover, the experiments with devices having memory of past events had higher 

prediction accuracy compared to the lack of memory from the previous trial.

In the last part of the Chapter, the 2AFC Experiment was recreated using a single device 

and comparing the results with respective simulation. The results reveal that both 

the device and the model perform well in experimental setup parameters. 

Moreover, the prediction accuracy of model and device are similar with a few exceptions.

To conclude, the device was proven to be an interesting alternative to previously reported 

in literature devices. The devices' volatile nature appears to be particularly useful 

as a building block of Spiking Neural Networks.
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CHAPTER Nine -  Conclusions

The aim of this thesis was to study a novel type of organic memristive device in terms 

of its' principle of operation, its response to various stimuli and its' potential applications. 

The thesis addressed seven different research questions. Based on the obtained results, 

the following conclusions can be drawn:

1. The previously observed conduction increase occurs in the studied system even 

when the R-P3HT and P4VP layers are separated by a thin insulating layer. 

This proves that the long-range interactions are an important factor causing 

the conduction increase in the system. It was also shown that direct molecular 

interactions between R-P3HT and P4VP are an important factor in conductance 

increase in the system.

2. The unique principle of operation of the studied system is related to the ion 

displacement caused by an external electric field. Ion migration causes 

modulation of the electric field, which is present in the system due to the dipole 

moment of P4VP-CoBr2, resulting in dynamic changes in R-P3HT conductivity.

3. The memristive character of the system can be cancelled by cooling down 

the devices, which was attributed to low ion mobility at low temperatures.

4. The ion enrichment of the polymer matrix changes, to some extent, the time 

constants of the dynamic processes occurring in the system as well as the character 

of its response. Therefore, it is possible to adjust the device's response and 

information retention time based on the type of ion admixed to the matrix.

5. The devices' response depends both on the sampling rate and the input signal 

shape. It was shown that the devices' operation is slightly less stable close to its 

characteristic time constant. Moreover, it was shown that the device relaxes 

spontaneously in the time range of tens of seconds, which might be particularly 

useful in terms of its applications.
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6. The unique character of the devices' response has been reproduced using 

a phenomenological model. The model was shown to reproduce the devices' key 

features and was further utilised in simulations to predict the system's response in 

Chapter Eight.

7. The results obtained for different connections between devices reveal that 

the system is highly stable in a wide range of parameters, however, it behaves 

in an unpredictable manner in certain parameter sets. The observed signal 

distortions were analysed and, based on the calculated autocorrelation function, 

it was shown that the fluctuations are not stochastic, as there are negative 

correlations at lag = 1.

8. Due to the systems' volatile character, it is possible to emulate Short Term 

Synaptic Plasticity in the system. This feature was further used in a 2-Alternative 

Forced Choice Experiment, showing devices' ability to recognize temporal 

spiking patterns, therefore proving its' utility in brain-inspired computing.

As indicated throughout the thesis, the study covered in this thesis requires further 

research in regard to phenomenological model improvement and extending the study 

into different ions. Nevertheless, one of the greatest future challenges, which was not 

mentioned in the thesis, will be systems' rescaling, which will allow us to extend the 

research into a more application-focused direction. The first rescaling attempts were 

successful, however, this matter requires further work and was not mentioned in the 

thesis.

In conclusion, the results and their discussion presented in this dissertation provide 

an insight into the principle of operation of the studied system, which was further 

utilized to formulate the devices' phenomenological model. The measurements 

performed on different variations of devices proved their high stability and durability. 

Moreover, the system proved to be a promising candidate for a building block for 

next-generation neuromorphic computing systems based on organic materials.
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