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ABSTRACT 

Abstract 

Memristors or resistive memory devices (also called RRAMs) are one of the most 

promising emerging memory technologies for the next generation of memory 

devices with potential applications in computer memory, logic operations and 

neuromorphic computing. Memristor devices are unique because they have non-

volatile memory operation in combination with  fast nano-second switching, low 

power operation and high-density integration using nanoscale crossbar-array 

architectures. Fundamentally, memristors are two terminal devices; however, in 

certain applications, there are advantages in having an additional degree of freedom 

available to control their switching and electronic properties. This thesis work 

examines how this can be achieved using light.  

Modulation of the electronic properties of memristors by optical means offers a new 

level of functional control, enabling the development of new types of optoelectronic 

devices and circuits, such as photonic integrated circuits with memory elements 

controllable by light. Memristors also have important applications in neuromorphic 

computing and in that context the dynamic and spatial patterning by light opens the 

route to new optically configurable and tunable synaptic circuits. In this thesis, two 

novel types of optically tunable switching memristors based on hybrid organic-

inorganic composites are developed. The first type of device consists of vertically 

aligned zinc oxide nanorods (ZnO NRs) integrated with an optically active polymer, 

poly(disperse red 1 acrylate) (PDR1A), which expands and contracts upon 
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irradiation by wavelength and polarization specific light. The second device type is 

instead based on gold nanoparticles (Au NPs) distributed in discrete conducting 

pathways throughout the same photoactive polymer. These break or re-connect 

upon exposure to light, and because there are only a few conducting pathways in a 

single device, much greater changes (3-4 orders of magnitude) occur in the 

electrical conductivity. Both device types exhibit optically dependent switching 

properties and have too the advantage of fabrication by very simple, low cost, 

solution-based methods. 

The electronic properties of both optical RRAMs show bipolar switching behaviour 

with either sharp digital-like switching (Au NPs device) or a complex transition 

with space charge current limited like behaviour (ZnO NRs device). Both device 

types exhibit optical control of the devices’ electronic properties and in particular, 

we demonstrate for the first time, latched optical SET and RESET switching 

processes.  

Lastly, this thesis examines how optical memristors can be used to control learning 

in neuromorphic applications. We demonstrate optical control of short-term and 

long-term memory and tunable learning through spike timing dependent (synaptic) 

plasticity. We believe this has important applications in the dynamic patterning of 

memristor networks, whereby both spatial and temporal patterning via light allows 

the development of new optically reconfigurable neural networks, adaptive 

electronic circuits and hierarchical control of artificial intelligent systems.  
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1 CHAPTER ONE 

 Research Overview 

In this chapter, an introduction to memristors is briefly presented. The research 

objectives are provided as well. At the end of this chapter, the thesis organization 

and a list of published work and conference presentations will be presented. 

1.1 Introduction 

The past decade has seen significant efforts to find  new memory technologies or a 

“universal memory” type that combines the advantages of the three main and 

current memory technologies, SRAM, DRAM, and Flash memory. Each of these 

memory types have their own specific advantages and disadvantages. SRAMs, for 

instance, are considered to have high read and write speeds and low power 

consumption, however, have the disadvantages of volatile memory, low density, 

and large size with each memory cell requiring six transistors. Because of this, they 

are not desirable for applications that require very large amounts of memory. On 

the other hand, DRAM architectures are high density and take up little space (one 

transistor and one capacitor), making them widely used semiconductor memories 

in commercial applications. DRAMs, however, have a short data retention time, 

and high power consumption because the memory cell needs to be periodically 

refreshed to maintain the stored data. 

 In comparison, Flash memory provides non-volatile data storage memory, where 

the data is retained even after the power is removed. This makes the Flash memory 
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a low power consumption technology. In addition, Flash memory offers a high-

density information storage device. Although Flash memory has wide application 

as data storage in  MP3 players, removable storage cards, and cell phones, they have 

slow write times, making them undesirable for applications where data needs to be 

re-written constantly like in the main memory of computers. Flash memory also 

leaks charge after several hundred thousands of cycles and because of the design 

needed to minimize this problem, the dimensions of the cell means they are 

unsuitable for nanoscale architectures [1]. Flash memory also requires its own high 

voltage driver [2].  

Several competing technologies have emerged in the race to be the next generation 

of non-volatile memories. These include Magnetic Random Access Memory 

(MRAM), Ferroelectric Random Access Memory (FRAM), Phase Change Random 

Access Memory (PRAM or PCM), and Resistive Random Access Memory 

(RRAM). MRAM and FRAM technologies are based on the magnetic tunnel 

junctions and the two states of polarisation of ferroelectric materials, respectively. 

Both MRAM and FRAM have received great interest due to their non-volatility, 

high read and write speeds, good endurance and data retention, and low power 

consumption. However, both technologies suffer problems with scaling. PCM, on 

the other hand, which uses the structural phase change between an amorphous phase 

(RESET process) and a crystalline phase (SET process) to store information, has 

high scalability, low programming energy, excellent endurance and retention, [3] 

but has significant reliability issues. 
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Resistive random access memory (RRAM) or memristor is based upon the 

switching between two different resistance states, the high resistance state (HRS) 

and the low resistance state (LRS) [4]. RRAM has received considerable attention 

due to its low power consumption, high endurance and data retention, low cost, and 

fast switching characteristics. RRAM architectures have also other advantages like 

high-density and simple cell memory structure using a crossbar design and vertical 

and horizontal architectures. 

In recent years, researchers investigating solid-state RRAM devices have made 

significant progress in understanding the physical switching mechanisms and 

improving their fabrication. However, hybrid memristor devices, which consist of 

organic and inorganic materials are much less investigated in the field. Hybrid 

devices offer desirable advantages, such as large area, use of lightweight, flexible 

and low-cost substrates, high repeatability and device performance, and simple and 

low-cost fabrication methods, such as spin coating techniques [5–7]. In particular, 

many solid-state devices require high vacuum and high temperature deposition 

methods which are slow and costly for large scale production [8–11]. 

Controlling memristors properties by light offers new types of optoelectronic 

devices for sensory and synapses applications [12]. Optical or electronic 

modulation switches the device between low and high conducting states whilst 

modulation by both facilitates fine-tuning of the resistive memory properties and 

switching characteristics of the device. Applications, where this device could be 
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used, include integrated circuits with memory elements switchable by light, 

adaptive circuits and optically reconfigurable and tunable synaptic circuits for 

neuromorphic computing applications and brain-inspired artificial intelligent 

systems. Therefore, the need for further understanding of the physics of the resistive 

switching mechanism, behaviour, and applications of the hybrid optical and 

optoelectronic memristors has been the main motivation for the work of this thesis.  

1.2 Research Objectives 

The main objectives of the research presented in this thesis include: 

1. To fabricate a novel optical organic-inorganic hybrid memristor device in 

which either the electronic properties of the device or the Set and Reset 

processes can be modulated by wavelength and polarisation specific light. 

To achieve this goal, two strategies have been adopted. Firstly, fabricating 

a hybrid memristor device based on vertically aligned ZnO nanorods 

embedded within an optically active poly (disperse red 1 acrylate) (PDR1A) 

polymer. Secondly, gold nanoparticles embedded within PDR1A at a 

specific volume fraction so as to maximize the effect of the optical 

switching. In both cases, the device consisted of a vertical-based structure. 

2. To identify the relevant switching processes and electronic mechanisms 

involved and optimize where possible. 
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3. To investigate how the optical memristive devices can be used in synaptic 

and neuromorphic computing applications.  

1.3 Thesis Organization 

This thesis is organised into eight Chapters. Following Chapter 1, which presents 

an introduction, research objectives, thesis organization, and work published and 

conference presentations, the remainder of the thesis is arranged as follows: 

Chapter 2 gives the definition of a memristor, historical background of memristor 

devices as well as hybrid and optical memristors. Also, emerging memory 

technologies are presented at the end of this chapter. 

In Chapter 3, theoretical descriptions of Leon Chua's memristor and HP lab TiO2 

memristor will be given. The resistive switching mechanisms with the electrical 

conduction mechanisms, and neuromorphic theory will be discussed too.  

In Chapter 4, the materials used, the experimentation designed to fabricate optical 

memristor devices and characterization equipment are described. 

Chapter 5 introduces the results of ZnO NRs and PDR1A based hybrid optical 

memristor devices. This chapter also presents the resistive switching mechanism, 

and the application of devices in synaptic circuits and neuromorphic computing 

applications. 
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In Chapter 6, the results of resistive switching devices based on Au NPs embedded 

with a PDR1A polymer are presented. The responsible mechanism for conductivity 

change and resistive switching will be discussed. Moreover, application of these 

devices in the synaptic and neuromorphic computing systems will be examined as 

well.  

Chapter 7 is concerned with the discussion of the obtained results of optical 

memristor devices based on ZnO NRs and Au NPs both embedded with a PDR1A 

polymer.  

Finally, Chapter 8 summarises the major conclusions of this research and evaluates 

the results critically in relation to their impact in the memristor field and their 

practical limitations. Possible suggestions for future research in the area will be 

included. 
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1.4 Work Published and Conference Presentations 

 

     Journal Publications 

1. “Reversible Optical Switching Memristors with Tunable STDP Synaptic 

Plasticity: A Route to Hierarchical Control in Artificial Intelligent Systemsˮ, 

Ayoub H. Jaafar, R. J. Gray, E. Verrelli, M. O’Neill, S. M. Kelly, N. T. 

Kemp, Nanoscale, 2017, 9, 17091-17098.  

 

2. “Method to Reduce the Formation of Crystallites in ZnO Nanorods Thin-

Films Grown via Ultra-Fast Microwave Heatingˮ, R. J. Gray, Ayoub H. 

Jaafar, E. Verrelli, N. T. Kemp, Thin Solid Films, 

doi.org/10.1016/j.tsf.2018.07.034. 

 

3. “Large Polarization-Specific Reversible Optical Switching in a Resistive 

Memory Devices: Light Tunable Learning in Artificial Synapsesˮ, Ayoub 

H. Jaafar, M. O’Neill, S. M. Kelly, E. Verrelli, N. T. Kemp,  (drafting). 

 

4. “Effect of Nanostructure Geometry on Resistive Switching behaviour in 

Hybrid Organic-Inorganic Based Non-Volatile Memoryˮ, Ayoub H. Jaafar, 

N. T. Kemp, (drafting). 
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      Conference Publications and Presentations 

5. “Chua Mem-Components for Adaptive RF Metamaterialsˮ, J. Georgiou, K. 

M. Kossifos, M. A. Antoniades, A.H. Jaafar, N. T. Kemp, paper 2793, 

ISCAS 2018, IEEE International Symposium on Circuits and Systems, 

Florence, Italy, May 27-30. 

6. “An Optically-Programmable Absorbing Metasurfaceˮ, Kypros Kossifos, 

Marco Antoniades, Julius Georgiou, Ayoub Jaafar, Neil Kemp, paper 2679, 

ISCAS 2018, IEEE International Symposium on Circuits and Systems, 

Florence, Italy, May 27-30. 

7.  “Hybrid Memristor Devices for Low Cost Non-Volatile Memory Storageˮ, 

Ayoub H. Jaafar, E. Verrelli, R. J. Gray, M. O’Neill, S. M. Kelly, N. T. 

Kemp, The 7th PhD Experience Conference, 19-20 April 2016, The 

University of Hull, (poster presentation). 

8.  “Hybrid Memristor Devicesˮ, Ayoub H. Jaafar, E. Verrelli, R. J. Gray, M. 

O’Neill, S. M. Kelly, N. T. Kemp, 2nd MemoCIS Training School on 

Memristor Theory, Models and Device Technology, 7-9 May 2016, Alghero, 

Italy – COST Action IC1401, (poster presentation).  

 

9. “An Optically Tuneable STDP Synaptic Plasticity Memristorˮ, Ayoub H. 

Jaafar, R. J. Gray, E. Verrelli, M. O’Neill, S. M. Kelly, N. T. Kemp, The 
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7th MemoCIS Workshop, 12-13 March 2018, Dubrovnik, Croatia – COST 

Action IC1401, (poster presentation).  

 

10. “Optical and Non-Volatile Switching in Memristor Devices Based On 

Hybrid Organic-Inorganic Materialsˮ, Ayoub H. Jaafar, R. J. Gray, E. 

Verrelli, S. M. Kelly, N. T. Kemp, NanoBio Conference 2018, The 1st 

International Conference on Nanotechnologies and Bionanoscience, 24-28 

September 2018, Heraklion, Crete, Greece, (oral presentation).  
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 Memristors, Hybrid and Optical 

Memristors 

This chapter gives the definition and historical background of memristor devices. 

This is followed by a more specific background on the topic of hybrid  devices 

based on hybrid and non-hybrid ZnO nanostructures and Au NPs embedded in 

either organic or polymeric materials. In addition, optical memristors will be briefly 

reviewed as well as an introduction given to the topic of emerging non-volatile 

memory technologies and resistive random access memory. The chapter finishes 

with a review of organic and hybrid organic-inorganic memory technologies. 

2.1 Definition of Memristor 

Alongside the existence of three circuit passive elements the resistor, capacitor, and 

inductor, Leon Chua in 1971 proposed a fourth circuit element called a memristor 

[13], which fills the missing link between magnetic flux (φ) and electric charge (q) 

on a current-voltage-flux-charge phase diagram. Fig. 2.1 demonstrates this 

relationship whereby a resistor, capacitor, and inductor form the following 

relationships between Voltage and Current ( Rdidv  ), Voltage and Charge 

( Cdvdq  ), and Flux and Current ( Ldid  ), respectively. It was proposed that 

in addition to these relationships there should also be a link between magnetic flux 

(φ) and electric charge (q). The two-terminal device in which this relationship was 

envisaged to occur was called a memristor (short for memory – resistor) and can be 

described by ( Mdqd  ). 
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The memristor is different from a capacitor and inductor in the ability to retain the 

data even when the power is turned off. It also can remember all the inputs applied 

and retains the last resistance when the inputs applied are removed [14]. Memristors 

show two resistance states; the high resistance state (HRS) and the low resistance 

state (LRS) depending on the applied voltage, where the resistance increases when 

the voltage is applied in one direction and decreases when the voltage is applied in 

the opposite direction. 

 

Figure 2.1: The four fundamental passive circuit elements: resistor, capacitor, 

inductor, and memristor taken from [15]. 

The defining feature or fingerprint of a memristor and memristive devices is the 

occurrence of a pinched hysteresis loop in the current-voltage plane. This occurs at 

the origin such that the current passing through the device is zero when the applied 
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voltage is zero. The pinched hysteresis loop shape, however, changes with 

frequency of the input waveform. For instance, increasing the frequency of the input 

signals leads the pinched hysteresis loop to shrink and collapse to a straight line, 

and this is because high frequencies do not give the memristor the time required to 

switch from one resistance state to another [16]. The pinched hysteresis loop of a 

voltage-controlled memristor at different frequencies for the same amplitude of 

applied voltage is shown in Fig. 2.2. 

Memristors exhibit a linear and nonlinear response to current or voltage. Linear 

behaviour means that the resistance of the memristor depends on the relatively 

small variation in current or voltage. On the other hand, nonlinear memristors rely 

on a threshold value of current or voltage  in which the resistance can decrease or 

increase rapidly [17]. From a practical point of view, nonlinear memristor 

behaviour is more desirable than linear behaviour because the switching between 

two resistance states can be more than one order of magnitude, and that means a 

higher on/off ratio. 

Memristors are unique in that they combine the non-volatility properties of Flash 

Memory with the high speed of Static Random Access Memory (SRAM) and the 

low cost of Dynamic Random Access Memory (DRAM). For this reason, some 

people call this a universal memory and a promising candidate for future-generation 

memory applications. 
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Figure 2.2: The pinched hysteresis loops for various frequencies for (I-V) curves, 

(left) and non-pinched (R-V) curves, (right) taken from [18]. 

Memristors are non-volatile, low power consumption, along with high speed, long 

data retention and endurance, potentially large on/off ratio, and high density. Some 

state-of-the-art values of these are fast switching (5 ns) [19], excellent endurance 

of about 1012 cycles, and long retention of more than 106 s [6]. 
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Generally speaking, memristor devices can easily be fabricated and consist of a 

resistive switching layer sandwiched between two metal electrodes. The resistive 

switching layer can be polymers, e.g. poly(methyl methacrylate) (PMMA) and 

polystyrene [20], binary transition metal oxides, e.g. TiO2 [21,22], NiO [23] and 

ZnO [24], perovskites, e.g. SrZrO3 [25], and composites, e.g. ZnO nanorods 

embedded in PMMA [26]. Memristors also are an increasingly important area in 

high-density architectures integrated into crossbar arrays at the nanoscale compared 

to the Flash memory which suffers from a limitation in cell feature size and leakage 

challenges [27]. 

Memristors have the potential for a wide range of applications, such as non-volatile 

random access memory, integrated and synaptic circuits, neuromorphic computing, 

and nonlinear analogue circuits.    

2.2 Historical Background 

The theoretical description of memristor was first predicted in 1971 by Leon Chua 

when he announced that there should be a fourth passive circuit component [13].  

The memristor combines the missing relationship between the electric charge and 

the magnetic flux and is most easily seen from symmetrical considerations of a 

current-voltage-phase-charge diagram, as shown in Fig. 2.1. As a component, the 

memristor is a two-terminal passive device that shows nonlinear characteristics that 

is different from the properties of resistors, capacitors, and inductors. In particular, 

the memristor was generalised further by Leon Chua and his student in 1976 [28] 
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to memristive devices and systems and are now generally described as being any 

two-terminal devices that show a pinched hysteresis loop in the i-v plane, where the 

current will be zero if the voltage is zero. 

It is worth mentioning that in the period between 1976 and 2008 there were many 

types of devices fabricated that exhibited behaviour similar to that of the memristor, 

but only the Hewlett-Packard (HP) laboratory team were successful in establishing 

the link between their work on resistive switching in TiO2 devices and the 

theoretical description of a memristor proposed by Chua. Strukov et al. (2008) 

showed a hysteresis behaviour in nanoscale TiO2 devices in which the resistive 

switching was based on solid-state electronic and dopant motion when different 

voltage polarity is applied [15]. In fact, these results were considered the basis for 

understanding the physics behind the resistive switching of already fabricated 

devices and motivated researchers for more investigation. 

Since then, a considerable amount of literature has been published in the memristor 

field. Emerging memory technologies, such as MRAM [29], FRAM [30], PCM or 

(PRAM) [31], and RRAM [32] have received a significant interest and serious 

attempts in order to improve their performance over the past decade. Among them, 

RRAM is considered as a promising candidate because not only due to its simple 

device structure, consisting of a MIM design, but also other good characteristics 

such as high speed, long data retention time, low operation power, and high-density 

cells [33]. Because of these properties, extensive research has been focused on the 
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study of resistive switching phenomenon and switching mechanisms for different 

materials based RRAM devices, including binary transition metal oxides [21,34,35], 

perovskites [36,37], polymers [20,38], carbon nanotubes and graphene [39], and 

hybrid organic-inorganic materials [40–45]. In this context, RRAM devices based 

on zinc oxide (ZnO) thin films and ZnO nanostructures and gold nanoparticles (Au 

NPs) embedded with polymer/organic layers will be briefly reviewed. 

In general, the resistive switching effect has been reported in different structures of 

ZnO including thin films, nanorods, nanowires, and nanoparticles. Bipolar 

switching behaviour was demonstrated by Gul et al. [46] in a RRAM device 

consisting of ZnO film with a thickness of 300 nm deposited by a sputtering 

technique in between two aluminium electrodes. It was found that the device 

showed symmetric switching for both polarities of the applied voltage with an 

ON/OFF ratio of about 3 and no electroforming process was needed. Similarly, 

bipolar resistive switching was also reported in ZnO films with thicknesses of 50 

nm [47] and 23 nm [48] with device structures of Cu/ZnO/Al-doped ZnO (AZO), 

and Au/Zn/stainless steel (SS), respectively. The effect of changing the thickness 

of ZnO films, dopants, and the combination of bottom and top electrodes on the 

switching behaviour were investigated by Qiu et al. [49]. It was observed that 

increasing the thickness of ZnO film from 0.4 μm to 1 μm increased the ON/OFF 

ratio but decreased the device stability. They also observed that the Al-doped ZnO 

films showed an ON/OFF ratio larger than using Mg and Mn dopants. In addition, 

devices that were fabricated by sandwiching the ZnO films between Cr and Al with 
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device configurations of Cr/ZnO/Al and Al/ZnO/Al exhibited the largest ON/OFF 

ratio and stable resistive switching properties in comparison with other used 

combination of metal contacts, e.g. Ti/Au, Zn/Zn, Cr/Cr, Pt/Al, and Zn/Al.  

Recently, ZnO nanorod and nanowire-based resistive switching memories have 

been investigated. Lai et al. [50] studied the effect of an argon plasma treatment on 

the active switching layer of ZnO nanowires (ZnO NWs) synthesised in between 

two metal contacts of titanium (Ti) on the device performance. It was noticed that 

the treatment process improved the reliability of the device for more than 100 cycles 

and enhanced the switching effect: the set and reset voltages spanning from 3 V to 

22 V and ‒3 V to ‒31 V were reduced from 0.5 V to 8 V and from ‒1.5 V to  ‒10 

V, respectively. Improvement in resistive switching was also reported by Sun et al. 

[24], where the ON/OFF ratio of a RRAM device with a structure of Au/ZnO 

nanorods/ Al-doped ZnO (AZO) was improved from 10 to about 104 after annealing. 

The enhancement in the ON/OFF ratio was attributed to increasing the 

concentration of oxygen vacancies in the active switching layer by thermal 

annealing of the ZnO nanorods in a hydrogen atmosphere. Another attempt was 

made by Younis et al. [51] to improve the performance of a memristor device that 

was based also on vertically aligned ZnO nanorods sandwiched between fluorine-

doped tin oxide (FTO) and gold as the bottom and top electrodes, respectively. This 

approach depends on forming a nanocomposite film by dispersing ceria (CeO2) 

quantum dots (QDs) as charge trapping sites on the surface of ZnO nanorods using 

a drop casting method. It was found that this approach enhanced the device stability 
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and uniformity as well as increased the ON/OFF ratio by more than two orders of 

magnitude. 

Alternatively, ZnO nanoparticles (NPs) have been also proposed for fabricating 

memristive devices. Wang et al. [52] for example, fabricated a RRAM device 

consisting of a ZnO nanocrystal film with a thickness of 100 nm deposited by a spin 

coating solution process in between a transparent ITO bottom electrode and an 

aluminium (Al) top electrode. Wang and co-workers observed that the hysteresis 

loop was strongly dependent on the length of ligand on the ZnO nanocrystals. 

Increasing the ligand length from n-octylamine to n-octanoic acid  decreases the 

hysteresis effect. The device showed resistive switching behaviour with an ON/OFF 

ratio of five orders of magnitude in the case of ZnO nanocrystals coated with short 

ligands (n-butylamine ligands), whereas small or no hysteresis was observed in 

devices based on long ligand-coated ZnO nanocrystals (n-octanoic acid ligands). 

Another example of ZnO NPs based switching memristors was reported by Qi et al. 

[53] using a self-assembled single crystalline ZnO nanoisland with a diameter of 30 

nm and a height of 40 nm as an active switching material deposited on a silicon (Si) 

substrate. A conductive atomic force microscopy (C-AFM) tip was used for 

electrical measurements as a top contact. The devices showed bipolar switching 

behaviour with a large resistance contrast between the HRS and LRS in order of  

the 106. Qi and co-workers also reported in [54] that ZnO nanoisland based resistive 

switching devices exhibited not only bipolar switching but also multimode resistive 

switching which includes threshold-like behaviour and self-rectifying behaviour. 
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These three different resistive switching behaviours were obtained by changing the 

current compliance utilized during the electrical characterization. It was found that 

an increase of current compliance changed the switching effect from a threshold-

like to a self-rectifying and then to a bipolar behaviour. The authors attributed the 

multimode switching behaviour to the movement of oxygen vacancies and 

formation and rupture of conductive filaments at the high applied electric field. 

We move on now to the hybrid organic-inorganic materials that include ZnO 

nanorods and nanoparticles embedded in polymers. In recent years, hybrid systems 

have been considered as competitive technologies for resistive switching devices 

because they have the electronic properties of semiconductors as well as the 

advantages of organics like low fabrication cost, low temperature solution 

processing, and are easy to deposit on different substrates. As demonstrated by 

Tseng et al. [55], a bistable switching behaviour is observed in the hybrid system 

consisting of ZnO nanorods embedded in poly(methyl methacrylate) (PMMA). In 

separate work, Verrelli et al. [26] also observed the same behaviour using the same 

device structure and material, e.g. ITO/ZnO nanorods/PMMA/Al. In both cases, the 

pinched hysteresis loop occurred at the same applied voltage swept between -3 V 

and 3 V with almost the same ON/OFF ratios and SET and RESET voltages. This 

indicates that the operating voltage of these hybrid systems is about 3 V. In addition, 

Verrelli and co-workers found that adding the PMMA insulator layer plays a 

significant role in improving the switching effect and the stability of devices in 

comparison with a device fabricated with no insulator layer. The effect of adding 
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an insulator layer for ZnO NRs based RRAM devices was also investigated by 

Valanarasu et al. [45]. In this investigation, PMMA layers with thicknesses of 40 

nm and 70 nm were introduced between the ITO contact and ZnO NRs to give a 

device structure of ITO/PMMA/ZnO NRs/Al. It was observed that increasing the 

thickness of PMMA to ≤ 70 nm improved the ON/OFF ratio (more than three orders 

of magnitude) by increasing the resistance of the HRS due to an enhancement of 

charge trapping induced by the PMMA layer. Cheng et al. [56] stated a similar 

improvement in resistive switching memories based on CuSCN nanopyramids/ZnO 

nanorods p-n heterojunction with an interlayer of PMMA introduced between them. 

The authors found a considerable difference between devices with and without 

interlayer of PMMA. The device containing no PMMA interlayer did not show 

resistive switching, whereas the device with a PMMA interlayer showed a pinched 

hysteresis loop with relatively large ON/OFF ratio for negative applied voltages. 

This change in device behaviour was also explained by charge trapping within the 

PMMA interlayer, and resulted in a memory window (resistive switching bewteen 

two resistance states). Moreover, Anoop et al. [57] employed a multilayer stacking 

structure of vertically aligned ZnO NRs and graphene oxide (GO) as a hybrid 

material for resistive switching devices. It was noticed that all the devices, 

irrespective of the number of stacking layers, exhibited bipolar resistive switching 

behaviour. However, the stability and resistance contrast enhanced by increasing 

the number of GO/ZnO NRs stacking multilayers. The ON/OFF ratio for a device 

with three stacking layers was higher by three orders of magnitude than of a device 

fabricated with a single layer of ZnO NRs (no GO layer) between two electrodes.  
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ZnO NPs blended with organic layers have also emerged as the active switching 

material for two-terminal non-volatile RRAM device applications. As reported by 

Verbakel et al. [58], asymmetric bipolar switching is observed with a low ON/OFF 

ratio, i.e. less than one order of magnitude, in a ZnO NPs embedded in a polystyrene 

(PS) layer hybrid resistive switching devices. In separate work, Yun and co-worker 

[59] formed devices that showed write-once-read-many-times (WORM) operation 

also using ZnO NPs in a PS layer as a switching matrix with a ITO/ZnO NPs:PS/Al 

configuration. Compared with an ON/OFF ratio of only 1.4 for a device containing 

no ZnO NPs, a large resistance contrast of three orders of magnitude was observed 

in the hybrid ZnO NPs and PS devices. Instead of PS, the non-volatile WORM 

switching behaviour was demonstrated in [60,61] where the ZnO NPs were 

suspended in a PMMA layer and sandwiched between ITO and Al electrodes. The 

large memory effect in these regimes was attributed to the presence of ZnO NPs, 

which act as charge trapping sites within the insulating layers. Additionally, the 

authors reported that the devicesʼ conductivity, ON/OFF ratio, and SET/RESET 

voltages are controllable by changing the loading content of ZnO NPs in the 

insulating matrix [61]. It has been established that introducing fullerene (C60) (C60 

is a class of n-type organic semiconductors that acts as an electron transoprt layer 

in the bistable organic devices) layers enhanced the hysteresis characteristics of 

RRAM devices. Two layers of C60 were used to sandwich the active switching 

material that consists of ZnO NPs embedded in a PMMA layer and a polyimide (PI) 

layer in ITO/C60/ZnO NPs:PMMA/C60/Al [62] and ITO/C60/ZnO NPs:PI/C60/Al 

[63] memristor devices. In both cases, the devices with and without the C60 layers 
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showed a bipolar behaviour and a memory effect resulted from the charge trapping 

effect in the ZnO NPs. However, the ON/OFF ratio improved from 102 to 104 by 

sandwiching the active switching layers within C60 layers. The authors attributed 

the enhancement to the presence of C60 layers, which were used as injection and 

transfer layers for charges between the ITO and resistive switching matrix. 

We turn now to Au NP-based RRAM devices. The first use of Au NPs was reported 

by Simmons and Verderber in 1967 [64] to describe resistive switching in thin 

insulating films in an Al/SiO/Au device structure. During the deposition of the top 

Au contact, some of the gold ions were introduced to the insulating SiO films. It 

was found that the gold ions can act as localised impurity sites within the band gap 

of SiO thin films. The electric charge carriers can be transported between 

neighbouring impurity sites through tunnelling as well as trapping effect induced 

by impurity sites within the insulating films.  

Subsequent work in this area on memristor devices based on Au NPs embedded in 

insulators has highlighted two main architectures; a trilayer structure, and a 

monolayer structure. In the trilayer structure, the metal nanoparticle layer is 

deposited in between two organic/polymer layers, and all the three layers are 

sandwiched between two metal contacts, i.e. the top and bottom contacts. Jin et al. 

[65], for example, formed trilayer RRAM devices by depositing a Au NP layer 

using thermal evaporation technique. The Au NP layer was deposited on an 

insulator layer of polyimide (PI) and then covered by a layer of poly(3-
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hexylthiophene) (P3HT) and [6, 6]-phenyl-C61-butyric acid methyl ester (PCBM) 

with Al top and bottom electrodes. It was seen that the devices exhibited a resistive 

switching behaviour with a sudden switch between the ON and OFF states. The 

resistive switching effect was explained by trapping of electrons within the Au NPs, 

which facilitate current transport between the (P3HT) (PCBM) layer and PI layer. 

The injected electrons from one Al electrode into (P3HT) (PCBM) layer are trapped 

by Au NPs. Once all the traps are filled, electrons can transport via a tunnelling 

mechanism through the thin insulator layer of PI (10 nm) into the other Al electrode. 

On the other hand, the monolayer structure is a dominant design used for fabrication 

of RRAM devices due to it being a simple and easy synthesis process, which 

involves a single deposition of hybrid nanoparticles mixed with organic/polymer 

materials. Additionally, a trilayer structure requires high vacuum systems like 

thermal evaporation to deposit the middle layer of nanoparticles, which also need 

strict parameters to modify the morphology and discontinuous  nanoparticle layer. 

Memristor devices formed using Au NPs in 8-hydroxyquinoline (8HQ) and 

polystyrene (PS) with a device configuration of Al/Au+8HQ+PS/Al, were 

developed by Ouyang et al. [8]. Switching between the high resistance state (HRS) 

and low resistance state (LRS) with a resistance contrast of more than 4 orders of 

magnitude with a nanosecond switching response was reported. In separate work, 

Ouyang et al. [66] fabricated organic bistable memory devices based on PS and 2-

naphthalenethiol (2NT)-capped Au NPs with Al top and bottom electrodes. 

Asymmetric switching was obtained along the two polarity directions for the device 
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after the transition with a sharp transition from OFF state to ON state for an applied 

voltage higher than 7 V. It was reported that the conductivity and threshold voltage 

are strongly dependent on the Au NPs loading and the thickness of switching layer, 

respectively. As suggested by the authors, the conduction mechanism in these 

devices is due to electric field-induced charge transfer between the Au NPs and 

8HQ and 2NT, where the Au NPs act as electron acceptors and 8HQ and 2NT as 

donors.  

This conduction mechanism was also demonstrated by Tseng et al. [10], but in this 

case, the charge transfer took place between the Au NPs and polyaniline nanofibers. 

The Au NPs and polyaniline nanofibers blended with poly(vinyl alcohol) were used 

as a switching layer sandwiched between two Al electrodes. It was observed that 

the device showed data retention for 14 hours as well as a resistance contrast of 3 

orders of magnitude. Further, Tseng and co-workers used the conductive AFM tip 

as the top electrode with Al bottom electrode for a device containing Au NPs and 

polyaniline nanofibers but without poly(vinyl alcohol) to study the resistive 

switching effect in a nanoscale dimension device. They found that resistive 

switching occurs by sweeping the device from 0 to  ̶ 5 V. RRAM devices based on 

Au NPs embedded in poly(4-n-hexyltriphenyl) amine (xHTPA) and poly (1,1ʹ-

biphenyl-4,4 ʹ-diyl-9H-fluoren-9-ylidene) (xBP9F) with device structures of 

ITO/xHTPA:Au NPs/Ca/Al and ITO/xBP9F:Au NPs/Al have been investigated by 

Bozano et al. [67]. In both systems, the electrical characteristics established the 

switching was due to the existence of Au NPs because no resistive switching was 
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reported for devices without NPs. Also, the devices showed threshold voltage 

switching and a NDR behaviour where the current decreases by increasing the 

applied voltage. They established that the switching mechanism in their devices is 

similar to that reported by devices reported by Simmons and Verderber, which are 

dominated by tunnelling between the Au NPs. Simon et al. [68] studied the resistive 

switching effect in Au/MEH-PPV:Au NP/Au and Al/xHTPA:Au NP/Al devices 

where the Au NPs were embedded in poly(2-methoxy-5(2ʹ-ethylhexyloxy)-p-

phenylene vinylene) (MEH-PPV), and poly(4-n-hexylphenyldiphenylamine) 

(xHTPA), respectively. It was observed that the MEH-PPV:Au NPs based RRAM 

devices showed a higher ON/OFF ratio (4 orders of magnitude) than the xHTPA:Au 

NP based RRAM devices (1 order of magnitude). However, in both devices, a 

negative differential resistance (NDR) was observed in which the current decreased 

at higher applied voltage. The switching and NDR were attributed to the charge 

trapped on the Au NPs, and elimination of trapped charge by recombination or 

being swept away by the field at high bias, respectively. 

 Another non-volatile two-terminal RRAM device developed by Khurana et al. [69] 

included Au NPs embedded in a graphene oxide (GO) film (85 nm thick) between 

ITO and Al electrodes. The authors observed a significant improvement in the 

device switching characteristics by embedding the Au NPs in the GO film, from a 

poor ON/OFF ratio for a device with no Au NPs to 106 for a device with Au NPs. 

The devices exhibited a sharp set and reset processes with voltages less than ±1 V. 

These switching characteristics were attributed to charge trapping and de-trapping 
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at Au NPs trap sites in the GO film. It was also found that no forming step was 

needed as the pristine devices showed a high conductivity due to the initial 

conducting channels formed by defects, i.e. oxygen vacancies, which were 

introduced during the device fabrication process.  

Several conduction mechanisms have been proposed to explain the charge transfer 

and resistive switching behaviours in all the above-mentioned devices. These 

mechanisms include  Schottky emission (SE), Ohmic conduction, Poole-Frenkel 

(PF) emission, Fowler-Nordeim tunnelling, thermionic emission, space charge 

limited current (SCLC), charge trapping and de-trapping, and electric-field-induced 

charge transfer [46,48,49,51,57,60,66,70–73]. 

However, so far very few attempts have been made to modify the electronic 

properties of resistive switching memories by optical means. In 2012, Ungureanu 

et al. [74] published a paper entitled ̋ a light-controlled resistive switching memory ̏ 

which was the first effort to control the resistance state of resistive memories by 

optical means. In this study, both electrical and optical pluses were used to control 

the resistance state of a metal-insulator-semiconductor-based resistive switching 

memory with a Si/SiO2/Al2O3/Pd device configuration. The device showed a light-

dependent resistive switching behaviour under illumination with UV-IR light with 

different optical powers used for programming the devices. The I-V curves of these 

devices exhibited a rectifying behaviour with a saturation current dependent upon 

the optical irradiation level at a positive applied voltage. It was also observed that 
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the memory effect in these multilayer devices was controllable by the irradiation 

conditions and the light ring-exposed areas around the circular top contacts radii 

ranging from 53 µm to 1 cm, corresponding to ring areas. Ungureanu et al. 

interpreted these results as being due to photogenerated electrons from the Si/SiO2 

interface, which resulted in a trapping and de-trapping effect in the Al2O3 layer by 

changing the polarity of the applied voltage.  

Subsequently, Park et al. [75] studied the effect of optical irradiation on the resistive 

switching characteristics of RRAM devices based on ZnO NRs with a FTO/ZnO 

NR/Au structure. It was noticed that the device showed a photoresponse with 

optical illumination, where the resistive switching and ON/OFF ratio were 

modifiable by controlling the intensity of the light in comparison with a device 

studied in dark conditions which showed relatively negligible resistive switching. 

As reported by the authors, the formation and rupture of conductive filaments 

formed by oxygen vacancies were strongly associated with optical illumination. 

Since electron-hole pairs are generated upon irradiation, desorption on the surface 

of ZnO NRs occurred when the holes combined with the charged oxygen ions which 

resulted in unpaired electrons in the ZnO NRs that can increase the photocurrent.  

An optical readout resistive switching memristor (plasmonic memristor) has been 

demonstrated by Emboras et al. [76] using a-Si as a switching matrix and Ag and 

p-Si as the top and bottom electrodes, respectively. It was shown that the 

transmission of propagating light through the device was strongly dependent on the 



   

 
 

28 CHAPTER TWO 

set and rest processes induced by electrical stimuli. As reported by the authors, the 

formation/annihilation of conductive silver filaments, (redox process), switched the 

device to the LRS/HRS, and that resulted in a low/high optical transmission of the 

propagating light. Similarly, Emboras et al. [77] in a separate work, reported 

plasmonic RRAM devices consisting of an SiO2 film sandwiched between ITO and 

gold contacts. In the same vein, the optical transmission switched between low and 

high due to the resistive switching being induced by the formation and rupture of a 

nanoscale absorbing and scattering metallic filaments in the insulating SiO2 film.  

A study by Huebner et al. [78] demonstrated the capability of colloidal-based non-

volatile resistive memristors to be electrically written/read and optically erased. It 

was shown that the device switched to the ON state when the applied bias exceeds 

a threshold voltage, but it did not switch back to the OFF state when the reverse 

voltage is applied with a magnitude either similar or larger than the set voltage. The 

reset process, however, occurred when the device was irradiated with UV light (360 

nm) for an exposure time of two minutes. According to the authors, the optical 

erasing of the device is due to the redistribution of the local electric field, causing 

a distribution of alignment of the carbazole rings that act as percolation pathways 

for current transport within the active switching material. 

Bogle and co-workers [79] investigated the effect of optical irradiation on the 

switching behaviour of BiFeO3 (BFO)-based RRAM devices. It was observed that 

the set voltage shifted from 10 V to 2 V when the device was exposed to light with 
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a wavelength of 590 nm for 10 ms. As the authors proposed, the results were 

ascribed to the drift of photogenerated charge carriers towards their respective metal 

contacts, resulting in the creation of conducting paths for current along grain 

boundaries of the BiFeO3 film under an external applied potential. An electrically 

read and optically written/erased memory consisting of an 8 nm thick film of a 

liquid crystal azobenzene polymer (PA-AZO) as an active layer between a Au 

bottom contact and gallium-indium drop top contact has been reported by Mosciatti 

et al. [80]. Due to the photoisomerization effect between trans and cis isomers of 

the azobenzene containing polymer, the electrical characteristics were modulated 

by optical illumination using two wavelengths of 365 nm and 455 nm to switch the 

current to ON and OFF states, respectively. Although the electrical characteristics 

showed an optical response, no resistive switching has been demonstrated when the 

authors measured the current after each individual optical illumination. It is worth 

mentioning that azobenzene-containing polymers have been also reported in [81–

83] as active switching matrices for RRAM devices. However, no optical stimuli 

have been used to investigate the switching phenomenon in these reports. 

All the studies reviewed so far, however, do not show any resistive switching 

devices that can be SET and REST by purely optical means. In addition, all the 

previously mentioned studies related to the effect of optical irradiation on the 

resistive switching properties have been only carried out on organic or inorganic-

based optical RRAM devices. No study has been made on the hybrid organic-

inorganic systems which are the main focus of this thesis. 
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2.3 Emerging Memory Technologies 

Recently, several non-volatile memory technologies have emerged as promising 

candidates for the universal memory. These technologies are Ferroelectric RAM 

(FRAM), Magnetoresistive RAM (MRAM), Phase-Change RAM (PCRAM), and 

Resistive RAM (RRAM). These technologies have received considerable interest 

due to their unique characteristics, such as high spatial density, non-volatility, high 

speed, low power consumption, long data retention and high endurance [84]. The 

following is a brief description of these emerging technologies. 

 Ferroelectric Random Access Memory (FRAM)  

FRAM (also called FeRAM) is a kind of non-volatile random access memory based 

on capacitance. FRAM as an early emerging memory technology was first reported 

in 1987 using a ferroelectric thin film capacitor integrated with CMOS circuitry 

[85]. The structure of an FRAM device is similar to a DRAM and consists of a 

transistor and a capacitor. The main difference between FRAM and DRAM is that 

the ferroelectric material is deposited between two plates of an FRAM capacitor 

rather than the dielectric in a DRAM capacitor [86]. The basic structure diagram of 

FRAM is illustrated in Fig. 2.3. 

The storage of data in an FRAM cell depends on the polarisation (an electric dipole 

moment per unit volume) phenomenon of the ferroelectric material. Ferroelectric 

materials show a spontaneous polarisation in the absence or presence of an external 

electric field.  



   

 
 

31 CHAPTER TWO 

 

Figure 2.3: Basic architecture of a non-volatile FRAM cell. 

The ferroelectric effect is widespread in perovskite structures, which are defined as 

ABO3 crystals [87]. A schematic of the ABO3 perovskite crystal structure is shown 

in Fig. 2.4. Depending on the inherent temperature (Curie temperature (TC), defined 

as a temperature at which certain magnetic materials undergo a sharp change in 

their magnetic properties ) of the ferroelectrics, the relative shifts up and down of 

B4+ in each cell causes a distortion of the perovskite lattice structure and as a result, 

a spontaneous polarisation appears. Similarly, the polarisation effect can also arise 

when an external electric field is applied [88]. 
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Figure 2.4: Schematic structure of ABO3 perovskite crystal. 

For FRAM applications, the switching between two reversible states of spontaneous 

polarisation can be used to read and store information. For example, applying an 

electric field between two capacitor plates polarises the ferroelectric material in a 

specific direction with respect to the electric field. The polarisation of the 

ferroelectric material shows a non-linear response to the electric field and, as a 

result, a hysteresis loop arises. Fig 2.5 shows a typical hysteresis loop of a 

polarisation response versus electric field. The material shows a saturated 

polarisation (Psat) when all domains are oriented in the same direction, and at this 

point, the material maintains its polarisation state ( defined as a memory state) if 

the applied electric field is turned off. This polarisation is named as a remnant 

polarisation (Pr) which gives FRAM the non-volatility characteristic [86]. The 
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ferroelectric material, however, can be polarised in another direction when the same 

magnitude of the electric field is applied in the opposite direction [89]. These two 

polarisation states (±Pr) referred as “up” and “down” or as binary “1” and “0” for 

memory applications. 

 

Figure 2.5: A typical polarisation versus electric field hysteresis loop. ±Pr are 

equally stable, and no applied electric field is needed to maintain the memory state. 

The inserts show the displacements of B4+ upward and downward depending on the 

polarity of the applied electric field. 
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Practically, ferroelectricity has been investigated in many thin film perovskite 

materials such as SrBi2Ta2O9 (SBT) [90], (Bi,La)4 Ti3O12 (BLT) [91], and 

Pb(Zr0.3Ti0.7)O3 (PZT) [92], [93].  

From an application point of view, FRAM as an emerging memory technology 

offers promising characteristics, but it also suffers from some limitations which 

prevent it being a universal memory. FRAM is a non-volatile owing to its ability to 

retain data even when the external applied source is removed, and there is no need 

to be periodically refreshed as in DRAM [94], [95]. It also has low power 

consumption (because it maintains their states without any external power supply), 

high endurance (1014 cycles), and high-speed operation in comparison with a 

DRAM [96]. FRAM can also be easily incorporated into large-scale integrated 

circuits [97]. Nevertheless, poor reliability and the difficulty of achieving high 

density are the main challenges of FRAM devices [97].  

 Magnetoresistive Random Access Memory (MRAM) 

Magnetoresistive Random Access Memory (MRAM) is considered one of the 

competitive candidates that can be an alternative to current memory technologies, 

owing to its attractive properties such as high density, non-volatility, fast operation, 

cheap CMOS integration process and long data endurance [98]. MRAM utilises 

electronics and magnetics to read-out and store data, respectively.  
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MRAM is based on the magnetic tunnel junction (MTJ). A simple structure of an 

MRAM cell consists of two ferromagnetic storage layers separated by an insulator 

layer. One of these two ferromagnetic layers has a fixed magnetic field polarity 

(also called a reference layer); the other has a changeable polarity (a free layer) that 

depends on the external applied field [96].  A schematic MRAM cell is illustrated 

in Fig. 2.6. According to the magnetic tunnel effect, the resistance of the device can 

be switched between two states when a current passes through the device. For 

instance, the device shows low resistance (ON state) when the magnetic moments 

of both layers are parallel, while it shows low conductance (OFF state) when the 

magnetic moments of both layers are antiparallel [99].  

 

Figure 2.6: Schematic MRAM cell design with a transistor for reading.  



   

 
 

36 CHAPTER TWO 

The difference between two resistance states is described as a tunnel 

magnetoresistance (TMR) [100], also called a magnetoresistance ratio (MR), which 

can be given by  

 

p

pAP

R

RR
MR




                                             (2.1) 

where RAP and Rp represent the resistance for antiparallel magnetisation (OFF state) 

and parallel magnetisation (ON state), respectively.  

Fig. 2.7 shows the magnetic tunnel junction and two resistance states as a result of 

parallel and antiparallel aligning of the magnetic moments of the two ferromagnetic 

layers. As shown in Fig. 2.7, the current can pass easily through the tunnel layer 

and switch the device to the ON state when the free and fixed layers are aligned in 

parallel. However, antiparallel aligning of the layers increases the impedance of the 

tunnel layer, which switches the device to the OFF state. This tunnelling effect can 

be attributed to the difference in the density of states at Fermi energy level on both 

sides of the tunnel layer [101]. When the magnetic moments of the layers are in the 

same direction, symmetric band structure of majority and minority takes place on 

both sides of the tunnel layer. As a result, the majority/majority and the 

minority/minority tunnelling across the tunnel layer occurs. In contrast, when the 

magnetic moments of the layers are aligned in different directions, asymmetric band 

structure arises on both sides of the tunnel layer, which causes a forced tunnelling 

into the minority/majority bands on both sides of the tunnel layer. The reduced 
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number of states available for tunnelling between the ferromagnetic layers when 

the layers are antiparallel results in an increased tunnelling resistance [101,102]. 

 

Figure 2.7: Schematic of the tunnel effect and density of states in an MRAM cell. 

The resistance in the ON and OFF states when the magnetisations in parallel and 

antiparallel directions, respectively. 

MRAM offers desirable memory attributes, such as unlimited endurance, low 

power consumption, non-volatility and high-density data storage [103]. However, 

minimising the cell size can adversely affect MRAM device performance by the 
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extension of the magnetic field into neighbouring cells during the write process. 

Further, the high cost of MRAM devices is another drawback in comparison with 

the current commercial technologies where their prices are higher than all the 

currently established memory technologies. For example, MRAMs cost about £2 to 

£3 ($3 to $5) per megabyte, and that makes them in excess of 1,000 and 10,000 

times the prices of Flash memory and hard disk drives, respectively [96]. 

 Phase Change Random Access Memory (PCRAM) 

PCRAM has emerged as a powerful candidate technology for next non-volatile 

solid-state memory applications. The principle of operation that this technology is 

based on is the fast and reversible transition between two states of a material-the 

ordered (crystalline) state and disordered (amorphous) state [104]. This 

phenomenon has been known since 1968, when the reversible change between a 

crystalline phase and amorphous phase was observed in alloys of III, IV and VI 

group elements of the periodic table [105]. These alloys are called chalcogenide 

glasses. The most commonly used chalcogenide is Ge2Sb2Te5, referred to as GST 

[106]. 

A simple PCRAM cell structure is illustrated in Fig. 2.8. Usually, the chalcogenide 

material of a fresh PCRAM device is in the crystalline (ordered) phase. In this case, 

the device is in the low resistance, SET state. Applying a large voltage pulse for a 

short time anneals the material in the programming region above its melting point, 

and then allows it to cool down quickly. This local atomic disruption changes the 
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chalcogenide material to the amorphous (disordered) phase, which RESETs the 

device to the high resistance state. However, applying a low voltage pulse for a long 

time anneals the amorphous phase of the programming region above the 

crystallisation temperature but below the melting temperature and transforms the 

chalcogenide material into the crystalline phase. As a result, the PCRAM device 

switches to the low resistance state [107–109]. The transition between the two 

phases can be achieved quickly in less than 100 ns [110]. Reading stored data from 

a PCRAM cell is accomplished by measuring the resistance by applying a voltage 

pulse smaller than the SET and RESET pulses [111]. Schematic voltage pulses for 

the SET and RESET states are shown in Fig. 2.9. For data storage applications, the 

ordered and disordered phases represent the low electrical resistance (logic value 0) 

and high electrical resistance (logic value 1), respectively [31].  

 

Figure 2.8: A basic diagram of the PCRAM cell in the crystalline and amorphous 

phases. 
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Besides the non-volatility property, PCRAM provides interesting properties which 

make it in competitive with current commercial technologies. For example, it has 

high endurance due to its ability to switch between the SET and RESET phases for 

many cycles [107]. It also offers long retention up to 10 years at high temperature 

(110 ̊C) and fast read and write speeds [112]. The main challenge for PCRAM, 

however, is the large voltages needed for the RESET process, which makes 

PCRAM consume high power. Several cell designs have been proposed in order to 

overcome this issue, such as bridge cell, pillar cell and pore cell [104]. Pore cell 

design, for instance, provides a scalable size PCM cells which reduce the current 

consumption required for SET and RESET processes. 

 

Figure 2.9: Programming of the PCRAM cell by changing the temperature when 

an external electrical pulses are applied. 
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 Resistive Random Access Memory (RRAM) 

Resistive random access memory is considered one of the most competitive 

technologies to be as a “universal memory,” due to its unique characteristics, such 

as low cost, low power consumption, high endurance, scalability, and high ON/OFF 

ratios. RRAM can be defined as a non-volatile two-terminal cell based on the 

resistive switching phenomenon in which its resistance can be switched between an 

HRS and an LRS. 

RRAM offers a simple cell structure using a MIM architecture, which provides the 

advantage of high-density crossbar memory devices manufacturing. A schematic 

MIM structure of RRAM crossbar device is shown in Fig. 2.10. In the MIM 

structure, an insulator (resistive switching material) is sandwiched between two 

metal electrodes. The resistance of the RRAM can be switched from the HRS to the 

LRS and vice versa when an external voltage is applied. A RRAM cell maintains 

its resistance state for a long period of time when the power is switched off, making 

it a non-volatile memory. Regarding the polarity and amplitude of the applied 

voltage, RRAMs show bipolar and unipolar switching behaviours. 

Interestingly, these types of devices can be easily fabricated using a range of 

materials as the active layer for the resistive switching. These materials can be 

binary metal oxides, such as TiO2 [113], ZnO [49][34], HfO2 [114], NiO [115], 

perovskite oxides, such as SrTiO3 [36], SrZrO3 [37], hybrid organic-inorganic 

materials, such as ZnO/PMMA [71][55], nanoparticles/polymers [116–118], and 
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carbon nanotubes and graphene [39] amongst other materials. Several mechanisms 

have been proposed to explain the origin of the resistive switching in RRAM 

devices. These mechanisms will be presented in details in the next chapter. The 

comparison characteristics between the conventional memories and emerging 

memory technologies are summarised in Table 2.1. 

 

Figure 2.10: Schematic of a crossbar RRAM device structure. 
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Table 2.1: Characteristics of commercial memories in comparison with the 

emerging memory technologies, taken from [1]. 

 

 

2.4 Organic and Hybrid Memristors 

In recent years, organic/polymeric materials have been of increasing interest in the 

electronic devices field. In particular, organic materials have attracted great 

attention as promising resistive switching materials for RRAM memory cells due 

to their properties, such as inexpensive matrix, easy fabrication based on solution 

processing using a simple spin-coating technique at room temperature, high density, 
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flexibility, and large area and scalable fabrication [119]. RRAM/memristor devices 

based on organic materials exhibit bistable resistive switching with two distinctive 

resistance states that can be switched between the HRS and LRS when an external 

electric field is applied [120]. They also provide a non-volatile characteristic 

because the cell can retain its resistance state when the applied field is turned off.  

Organic memories are two terminal elements that can be fabricated using either a 

polymer material or hybrid organic-inorganic composites as an active layer for the 

resistive switching. For the two terminal architectures, organic memory devices can 

be simply synthesised by sandwiching the matrix between the top and bottom 

electrodes. Experimentally, four architectures have been demonstrated. These 

designs are: firstly, a monolayer of organic medium sandwiched between two 

electrodes. Secondly, bilayer structures of two different organic materials. Thirdly, 

trilayer structures of organic/nano-traps layer/organic materials sandwiched 

between the top and bottom electrodes. The fourth sandwich structure of organic 

memories is based on a hybrid organic-inorganic composites between two 

electrodes[120]. Schematic structures of these organic memory types are shown in 

Fig. 2.11. 

Several  organic semiconductors and polymers have been demonstrated as an active 

switching layer in RRAM devices based organic materials, such as pentacene [9], 

8-hydroquinoline aluminium (Alq3) [121], 2-amino-4,5- imidazoledicarbonitrile 
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(AIDCN) [122], polystyrene [38], poly(methyl methacrylate) (PMMA) [123], and 

poly(N-vinylcarbazole) (PVK) [124].  

 

Figure 2.11: Schematic architectures of organic memristor cells. (a) A monolayer 

architecture containing only organic material, (b) a bilayer architecture including 

two organic materials, a tri-layer architecture containing two organic layers 

separated by nano-traps layer, and (d) a hybrid organic-inorganic monolayer 

architecture containing NPs suspended in an organic/polymer matrix. 
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For the hybrid devices, in particular, a wide range of organic and inorganic 

materials embedded in a host polymer matrix have been used. These include an 

organic acceptor and donor [125], nanowires and nanorods [26,44,55], nanofibers 

[70], graphene [41], carbon nanotubes [126], and nanoparticles 

[71,73,117,127,128]. Among them, nanoparticles are the most commonly used for 

fabricating hybrid devices by dispersing the nanoparticles in the host polymer 

medium. Although the mechanism responsible for the resistive switching in these 

devices is still unclear, several mechanisms for carrier transport and switching have 

been proposed, which include Schottky emission, Ohmic conduction, Space-

Charge-Limited-Current (SCLC), thermionic emission, tunnelling current, hopping 

conduction, and ionic conduction. These mechanisms will be explained in the next 

chapter.
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 Theoretical Background 

This chapter illustrates the theoretical description of memristors. In the first part of 

this chapter, Leon Chua's memristor and a more general class called memristive 

systems are explained. Also, the theoretical description of HP Labs TiO2 memristor 

is presented. The second part of this chapter is devoted to the resistive switching 

behaviours of memristors, conduction mechanisms, and neuromorphic theory. 

3.1 Leon Chua's Memristor and Memristive Systems 

In general, there are three basic two-terminal circuit elements, namely the resistor, 

R, the capacitor, C, and the inductor, L. Each of these three circuit elements can be 

defined by two pairs of  fundamental variables; electric current (і), voltage (v), 

electric charge (q), and magnetic flux (φ), and the mathematical equations are:  

                                           diRdV     (resistance) 

                                          dvCdq         (capacitance) 

                                          diLd             (inductance) 

 

Leon Chua (1971), however, predicted a fourth circuit element that he called a 

memristor, which is defined by the missing relationship between the electric charge 

and magnetic flux [13]. The symbol and the q - φ curve of the memristor can be 
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seen in Fig. 3.1. The electric charge and magnetic flux are time integrated functions 

of current and voltage, respectively, and are given by 

 ditq
t

 
 )()(

                                           (3.1) 

and 

 


t

dvt  )()(
                                        (3.2) 

 

Figure 3.1: The symbol and q - φ curve of the memristor taken from [13]. 

Chua pointed out that a memristor can be described by a relation of the type 

𝑔(𝜑, 𝑞) = 0. Depending on this relation, he also defined two types of memristors; 

charge-controlled memristors and flux-controlled memristors. A memristor can be 

charge-controlled or flux-controlled when the relation is expressed as a single-
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valued function of the charge q or flux-linkage φ, respectively. The definition of the 

voltage of a charge-controlled memristor can be given by 

)())(()( titqMtv 
                                        (3.3) 

where 

dq

qd
qM

)(
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                                             (3.4) 

Also, the current of a flux-controlled memristor can be given by the formula 

)())(()( tvtWti                                          (3.5) 

where 
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)(                                               (3.6) 

 M(q) is described as an incremental memristance that has the resistance unit (Ω), 

and W(φ) as an incremental memductance that has the unit of conductance (S). 

Equation (3.4) shows the definition of the memristor as a functional relation 

between flux-linkage (φ) and charge (q).  

In his seminal article, Chua demonstrates that the value of the incremental 

memristance or memductance at any time t0 relies on the time integral of the 

memristor current or voltage respectively from t = ‒ ∞ to t = t0. The choice of the 

memristor name came from the behaviour of the device, which unlike an ordinary 
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resistor at a given instant of time, t0, its resistance or conductance is dependent “or  

remembers” the last current pass through it [13]. In addition, the memristor can 

behave like a linear time-varying resistor when the current i(t) or the voltage v(t) is 

fixed. Chua also points out that the memristor shows a straight line in its φ ˗ q curve 

where 𝑀(𝑞) = 𝑅 , or  𝑊(𝜑) = 𝐺 , and the memristor reduces to a linear time-

invariant resistor. The instantaneous power dissipated by the charge-controlled 

memristor can be given by the formula 

                              

 2)())(()()()( titqMtitvtp 
                                 (3.7) 

Similarly, the instantaneous power dissipated by the flux-controlled memristor is 

given by  

 2)())(()()()( tvtWtvtitp                                (3.8) 

The following criteria are proved by Chua [13]. 

Theorem 1. Passivity Criterion 

“A memristor described by a differentiable charge-controlled φ ˗ q curve is passive 

if, and only if, its incremental memristance M(q) is nonnegative; 𝑀(𝑞) ≥0”. As a 

memristor behaves like a linear resistor at any instant of time, this criterion can be 

viewed as analogous to the behaviour of an ordinary resistor, in that the resistance 

of an ordinary resistor cannot be negative, as a result of Ohm’s Law. This passivity 
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criterion exhibits the type of a physical memristor to be achieved in future without 

internal power supply to operate. 

Theorem 2.  Closure Theorem 

“A one-port containing only memristors is equivalent to a memristor”. 

Theorem 3.  Existence and Uniqueness Theorem 

“Any network containing only memristors with positive incremental memristances 

has one, and only one, solution”. 

Chua and Kang, however, generalised the theoretical description of the memristor 

into a broader class of dynamical systems that can include any two-terminal devices 

whose variable resistance relies on the internal state of the system. They named this 

class of systems memristive systems. These memristive systems show the same 

pinched hysteresis loop (Lissajous figure) in the i-v plane where the current must 

be zero whenever the voltage is zero [28]. The resistance of a memristor depends 

directly on the electric charge q or flux linkage φ. In contrast, in memristive systems, 

the resistance depends on the past history of current or voltage experienced by the 

device. Memristive systems can be defined by 

                 
),,(

.
.

tuxfx
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                                          utuxgy ),,(                                                   (3.10) 

where u and y denote the input and output of the system and x represents the state 

of the system. 

An nth-order current-controlled memristive one-port is described by 
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.

tixfx                                                     (3.11) 

                                         )(),,()( titixMtV M                                          (3.12) 

where n donates the dimension of the state space of the dynamical system,  𝑉𝑀(t), 

and i(t) denote the voltage and current across the device, and M is the memristance. 

Similarly, an nth-order voltage-controlled memristive one-port can be found by 

                                              ),,(
.
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where G is the memductance. 
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In the special case when the one-port is time-invariant, and R (resp. G) is not an 

explicit function of i (resp. v) we have 
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The memristor that was proposed by Chua was considered as a mathematical 

description, but the physical memristor device was first announced by Hewlett-

Packard Labs researchers in 2008. A more detailed description of the HP memristor 

is given in the following section. 

3.2 HP Labs TiO2 Memristor 

In 2008, the HP Lab research group declared that they had found the missing 

memristor, and published an article on their results in Nature [15]. The device 

structure consists of a thin TiO2 film  sandwiched between two platinum electrodes 

using crossbar architecture [129]. Fig. 3.2 shows a schematic of the HP memristor. 

The TiO2 thin film was designed to include two layers: a high concentration of 

oxygen vacancies layer, (TiO2-x), and a low or zero concentration of oxygen 

vacancies layer, (pure TiO2). Oxygen vacancies are considered as positively 

charged ions. In particular, the layer that has a high concentration of oxygen 
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vacancies represents the low resistance state (RON), while the low concentration 

oxygen vacancies layer represents the high resistance state (ROFF). 

 

Figure 3.2: The crossbar structure of the HP memristor device taken from [129]. 

Resistive switching in this device is based on the drift of oxygen vacancies between 

two parts of the TiO2 thin film when an external voltage is applied. When a positive 

voltage is applied, positively charged oxygen vacancies will migrate toward a 

negatively biased electrode and move the boundary between the two parts, as shown 

in Fig. 3.3.a. In this case, the TiO2-x part expands, which leads to a decrease in the 

resistance of the whole device, and switches the device to the ON state. However, 

by applying a negative voltage, the oxygen vacancies will move in the opposite 

direction and push the boundary toward the negative electrode, see Fig. 3.3.b. In 

this case, the thickness of the pure TiO2 layer (high resistance) will be increased. 

As a result, the whole resistance of the device will increase and change the device 
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to the OFF state [129]. The device is considered as a non-volatile memory because 

the device can maintain its last resistance and keep the boundary between two parts 

of TiO2 layers unchanged when the applied voltage is removed. 

 

Figure 3.3: The effect of applied voltage on dopant drift taken from [129]. 

Regarding the previous resistive switching mechanism, a mathematical model of a 

two-terminal TiO2 film memristor device has been introduced by the HP group. The 

equivalent model of the Pt/TiO2/Pt structure device is illustrated in Fig. 3.4. This 

model is based on two regions of TiO2; a doped region (rich in oxygen vacancies), 

and undoped region (deficient of oxygen vacancies). The doped region with width 

w has a low resistance (RON), and the undoped region has a high resistance (ROFF). 

In this model, RON and ROFF are linked in series. The entire resistance of the TiO2 

film is given by the sum of the RON and ROFF over the full length of the device (D). 
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It is found that applying an external voltage across the TiO2 memristor device 

causes the oxygen vacancies to drift and change the position of the boundary 

between the two regions, depending on the polarity of the applied voltage [15].  

 

Figure 3.4: Coupled variable-resistor model of the HP memristor taken from [15]. 

The mathematical description of this model that shows how the memristance of the 

device can be influenced by dopant drift is given by the following relations:     
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where 𝜇𝑣 is the average ion mobility. 

If 𝑅𝑂𝑁 ≪ 𝑅𝑂𝐹𝐹, the memristance is given by 
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The pinched hysteresis loop of the HP memristor is shown in Fig. 3.5. This figure 

shows that at high frequencies the pinched hysteresis loop shrinks to a straight line 

and the device behaves like a resistor. This is because the oxygen vacancies are 

unable to move and change the resistance of device from high to low and vice-versa 

when the polarity of applied voltage is changed too rapidly. An AFM image of the 

crossbar memristor array fabricated by the HP group is shown in Fig. 3.6. 
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Figure 3.5: Pinched hysteresis loop of the HP memristor taken from [15]. 

 

Figure 3.6: AFM image of a TiO2 crossbar memristor array taken from [129]. 
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3.3 Resistive Switching   

The term resistive switching is generally understood to mean the change of the 

memristor or RRAM resistance from HRS to LRS and vice-versa. The changing of 

the device resistance from HRS to LRS is named as a ʻSETʼ process or ʻONʼ state. 

The switching from LRS to HRS is termed as a ʻRESETʼ process or ʻOFFʼ state.  

Unused devices (as prepared devices) frequently show low currents and/or no 

switching at low applied voltages. This is because the resistive switching material 

has no conductive paths of filaments. In this case, these devices need to be activated 

by applying a high voltage, higher than the set voltage. This is called the 

electroforming process [130]. Before applying high voltages, the device current 

must be limited in order to prevent breakdown of device. Practically, the 

electroforming process is not desirable because it makes the devices high power 

consumption. 

Regarding the current-voltage curves, the phenomena of resistive switching in 

memristors or RRAM devices can be classified into two types: unipolar and bipolar 

[131] as shown in Fig. 3.7. In unipolar resistive switching, both the SET and RESET 

processes occur in the same voltage polarity, whether positive or negative, but at 

two different magnitudes of applied voltage. On the other hand, bipolar resistive 

behaviour depends not only on the magnitude but also on the polarity of the applied 

voltage. In this case, if the SET process occurs at a specific magnitude positive 

voltage, the same voltage (polarity and/or magnitude) will not switch the device to 

the RESET process [132]. 
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Figure 3.7: Bipolar and unipolar switching behaviours. 

It seems that switching from one state to another can be changed either gradually 

or suddenly. For example, in our devices that consist of ZnO nanorods embedded 

in PDR1A, the device showed gradual switching between the SET and RESET 

states. In contrast, another type of our device that consisted of Au nanoparticles 

embedded in PDR1A exhibited a sudden switching between ON and OFF states. 

Resistive switching has been found in a wide range of materials. Regarding the 

switching medium and architecture of the device, it is found that in some cases the 

same resistive switching medium can show both unipolar and bipolar behaviours. 
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For example, ZnO thin films exhibited unipolar [133] and bipolar [134] switching 

depending on the defects in the ZnO thin film and the oxide/electrode interfaces, 

respectively. 

Basic RRAM devices have a Metal-Insulator-Metal (MIM) structure [130]. In this 

structure, the switching matrix is sandwiched between two metal electrodes. A 

schematic of the MIM architecture is shown in Fig. 3.8. The MIM structure is 

increasingly important in high-density memory cell structures, specifically in 

crossbar architectures [135]. It offers resistive switching memory based on two-

terminal devices rather than three terminal devices as in DRAMs [136]. Using this 

advantage to fabricate a nano crossbar arrays of bottom electrodes and 

perpendicular top electrodes with a switching material between them integrated on 

top of a CMOS architectures. This approach provides a small size cell of 4F2 for 

each crosspoint with a density of 1 Tb/cm2. 

 

Figure 3.8: Schematic of the Metal-Insulator-Metal memory cell structure. 
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3.4 Electronic Transport Mechanisms 

As mentioned previously, resistive switching has been seen in a wide range of 

materials, e.g. binary metal oxides, organics/polymers, perovskites, and hybrid 

organic-inorganic composites. The mechanism responsible for conduction and 

switching in some devices can be elucidated using various experimental techniques. 

For example, the formation and rupture of conductive filaments can sometimes be 

seen by SEM and TEM. However, the conduction mechanism in other devices is 

complicated in which two or more of the conduction mechanisms can be used to 

explain the change in the resistance states. As illustrated in Fig. 3.9, the conduction 

mechanisms can be classified into two types: electrode-limited conduction 

mechanisms that rely on the electrical properties of the interface between the 

electrode and the resistive switching layer, and bulk-limited conduction 

mechanisms that rely on the electrical properties of the switching material itself. 

Here, an overview of the carrier transport and conduction mechanisms are described 

in detail.  
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Figure 3.9: Types of conduction mechanisms in RRAM devices. 

 Electrode ‒ Limited Conduction Mechanisms 

3.4.1.1 Fowler ‒ Nordheim (F-N) Tunnelling 

Fowler-Nordheim tunnelling occurs at the metal/insulator interface in the presence 

of sufficient electric field for electron tunnelling. In this mechanism, the electrons 

in the metal can penetrate through the triangular shape potential barrier into the 

conduction band of  the insulator or oxide [137]. A schematic of F-N tunnelling is 

shown in Fig. 3.10. The current density (JFN) expression of F-N tunnelling is given 

by 
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where  ɸB  is the barrier height at the metal-insulator interface, m* is the electron 

effective mass in the insulator, h is Planck’s constant, and q and E are the electronic 

charge and electric field respectively. As can be seen, there is no temperature 

dependence of the electron tunnelling process. 

 

Figure 3.10: The Fowler-Nordheim tunnelling conduction mechanism in a metal-

insulator-metal structure. 

At high electric field, electrons existing in the metal that are injected through the 

triangular barrier will be trapped by defects and/or dopants, e.g. nanoparticles in the 

oxide or insulator. As a result, this can modify the electrostatic barrier property of 

the MIM structure and, hence, the resistance of the device will be changed [32]. 

This mechanism has been reported in an Al/Au-DT+8HQ+PS/Al device structure 

using gold nanoparticles and a polystyrene composite as an active layer [8]. 
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3.4.1.2 Electron Emission 

There are three mechanisms of electron emission that can take place at the 

metal/insulator interface in the MIM structure. These mechanisms are thermionic 

emission (Schottky emission), field emission, and thermionic-field emission. The 

schematic energy band diagrams of these emission processes are presented in Fig. 

3.11.  

 

Figure 3.11: Schematic diagram of three emission processes at the metal/insulator 

interface in metal-insulator-metal structure. 

The main parameters that determine which process can dominate are the 

temperature and the strength of the applied field. For example, when the applied 

field is low and the temperature is high enough, electrons are emitted over the 
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barrier. This mechanism is called thermionic emission. In this mechanism, the 

variation of current mainly depends on the temperature. In contrast, in the case of 

the high electric field and low temperature, emission process is dominated by the 

electrons that have energies below the Fermi level. This mechanism is defined as 

field or cold emission [138]. Thermionic-field emission, however, represents the 

intermediate case between the thermionic emission and field emission where the 

temperature and electric field do not belong either to the thermionic field region or 

the field emission region  [139]. It relies on the emission of carriers through the 

tunnelling barrier. Since the electrons have sufficient energy, conduction in the 

MIM takes place by the tunnelling of electrons between the Fermi level of the metal 

and the conduction band of the insulator. Equations 3.21, 3.22, and 3.23  show the 

mathematical expression of the current density due to thermionic emission, field 

emission, and thermionic-field emission, respectively [140] 
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where χ is the metal/insulator work function, ε the relative dielectric permittivity of 

the insulator, ε0 is the permittivity of vacuum, m is the electron effective mass in 

the insulator, h is Planck’s constant, k is Boltzmann’s constant, T is the absolute 

temperature, t(y) and θ(y) are functions of the field intensity, φ(z) is the Murphy-

Good function, and q and E are the electronic charge and electric field, respectively. 

As can be seen from the equation, thermionic-field emission relies on both 

temperature and applied field. 

This conduction mechanism has been reported in some resistive switching devices. 

Shuxiang et al. demonstrated that the thermionic emission is the dominant 

conduction mechanism for the ITO/LAO/STO structure in the HRS by tunnelling 

the electrons through the Schottky barrier at the ITO/LAO interface [141]. 

Thermionic emission also reported by Wei et al. as a mechanism in the ON state of 

a Au/MoS2/Au structure [142]. Further, Gul [46] investigated the resistive 

switching behaviour of ZnO thin films in an Al/ZnO/Al structure, suggesting that 

Schottky emission is the dominant conduction mechanism in the high applied 

electric field region. In a TiW/Cu2O/Cu structure, Schottky emission was also 

suggested by Yan et al. [143] as the responsible mechanism for conduction in the 

HRS at the Cu2O/Cu interface. 
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3.4.1.3 Direct Tunnelling 

According to quantum mechanics, conduction in the MIM structure happens by 

direct tunnelling of an electron from one electrode to another through the insulator; 

even the electron energy is less than the barrier energy. Usually, this mechanism 

occurs in very thin insulators, and there is no requirement for high electric fields. 

In the case of thicker insulators and sufficiently high applied fields, Fowler-

Nordheim tunnelling dominates [144]. Figure 3.12 shows a schematic energy band 

diagram of direct tunnelling.  

 

Figure 3.12: Schematic energy band diagram illustrating direct tunnelling in an 

MIM structure. 
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The current density relationship can be given by [139]  
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where t is the thickness of the insulator, V is the voltage  across the insulator, ε the 

relative dielectric permittivity, m* is the effective electron mass in the insulator, h 

is Planck’s constant, q is the electronic charge, ∅𝐵 is the tunnelling barrier height, 

E is the electric field. 

 Bulk ‒ Limited Conduction Mechanisms 

3.4.2.1 Poole ‒ Frenkel Emission 

Poole-Frenkel (P-F) emission depends on the thermally excited electrons that have 

sufficient energy to be emitted from traps into the conduction band of the insulator. 

The P-F emission schematic band energy diagram is depicted in Fig. 3.13. Since 

both mechanisms use thermally excited electrons, the P-F emission is sometimes 

named internal Schottky emission. However, the main difference between Schottky 

emission and P-F emission is that the electric field reduces the Schottky barrier 
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height at the metal/insulator interface, whereas in P-F emission, the electric field 

reduces the Coulomb potential energy of electrons (lowering the depth of traps). 

This mechanism arises at high applied electric fields. When an electric field is 

applied across the MIM device, the electrons in the trapping sites can be thermally 

excited, and at the same time, the Coulomb potential energy of the electrons can be 

decreased. Consequently, the probability of electrons being emitted from the trap 

sites into the conduction band of the insulator increases, and that leads to conduction 

takes place [145].  

 

Figure 3.13: Schematic energy band diagram of P-F emission conduction 

mechanism. 

The current density relationship due to P-F emission is 
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where q is the electronic charge, µ is the electronic drift mobility, NC is the density 

of states in the insulator conduction band, E is the electric field across the insulator, 

q ∅𝑇  is the trap energy level, εi is the permittivity of the insulator, ε0 is the 

permittivity of vacuum, and T is the absolute temperature. 

Experimentally, P-F emission can be distinguished from the current-voltage curve 

if a plot of the logarithm of the current density against the square root of the applied 

potential is linear [146]. This conduction process has been commonly noticed in 

several unipolar and bipolar RRAM devices. By way of illustration, Nagashima et 

al. [147] investigated the resistive switching behaviour of SnO2 thin films 

sandwiched between Pt bottom electrode and different top electrodes (Pt, Au and 

Ti). In the high electric field region of the HRS, the linear plot of ln J/E versus (E)1/2 

has good agreement with the P-F emission in which the hopping of electrons from 

the trap sites into the conduction band of the SnO2 dominates. Similarly, the linear 

fitting ln (J/E) – E1/2 curve of crossbar devices based on an Al/ZnO/Si structure 

fabricated by Chen et al.[148] shows that the current in the HRS is governed by P-

F emission. 

3.4.2.2 Ohmic Conduction 

 This mechanism happens through the movement of thermally stimulated 

mobile electrons into the conduction band. These electrons can be stimulated from 
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dopants or from the valence band into the conduction band. Ohmic conduction 

dominates in the LRS at low applied voltages. This may be due to the large band 

gap of the insulator, which makes the number of thermally activated electrons very 

small [139]. The Ohmic conduction schematic diagram is shown in Fig. 3.14.  

 

Figure 3.14: Ohmic conduction schematic diagram in MIM structure. 

The current density relationship due to Ohmic conduction can be expressed as: 
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where σ is electrical conductivity, q is the electronic charge, µ is the electronic drift 

mobility, NC is the density of states of the conduction band, E is the electric field 
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across the insulator, and T is the absolute temperature, k is Boltzmann’s constant, 

and EC and EF are the conduction band and Fermi energy levels, respectively. 

To identify this conduction mechanism, the relationship between the current density 

(J) and electric field (E) in the I-V characteristics of the RRAM devices should be 

linear. For example, Chiu et al. [149] reported that the I-V characteristic of the 

Pt/ZnO/Pt device is fitted very well the Ohmic conduction mechanism in the LRS. 

In another work, Chiu [150] also observed a similar conduction mechanism in 

boron-doped ZnO film-based RRAM devices, in which the linear relationship 

between J and E confirmed Ohmic conduction in the ON state. Ohmic conduction 

is further distinguished as the responsible conduction mechanism in Pt/LaHoO3/Pt 

device as reported by Sharma et al. [151]. The linear fitting of J against E in ON state 

with a slope of ~1 clearly indicates the Ohmic conduction. 

3.4.2.3 Ionic Conduction 

Ionic conduction is based on the movement of positively and/or negatively charged 

ions from one place to another when an electric field is applied across the insulator. 

Ions in trap or defect lattice sites excited by an electric field can hop over a potential 

barrier from site to site [152]. Fig. 3.15 illustrates the ionic conduction process. This 

conduction mechanism takes place in cases when one site is occupied by an ion and 

the neighbouring site is empty. Also, in order for an ion to move from its site to the 

neighbour site, its energy should be sufficient to pass over an energy barrier. 

The current density relation due to  ionic conduction can be given by [139]: 
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where J0 is a proportionality constant, 𝑞∅𝐵 is the potential barrier height E is the 

electric field across the insulator, q is the electronic charge, T is the absolute 

temperature, k is Boltzmann’s constant, and d is the distance between the two 

adjacent sites. 

 

Figure 3.15: Schematic diagram of ionic conduction; (left) in the absence of electric 

field, and (right) in the presence of electric field. 

This conduction mechanism has been reported in some RRAM devices such as 

those containing ZrO2 nanoparticles [153] and HfO2/TiO2-x stack thin films [35] in 

the LRS.  
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3.4.2.4 Hopping Conduction 

Hopping conduction is another bulk-limited conduction mechanism based on the 

existence of dopant/impurity trap sites and intrinsic thermal free carriers within the 

bulk of insulator or semiconductor materials. Carriers can hop in two ways; nearest 

neighbour hopping (NNH), and variable range hopping (VRH). In the case of 

nearest neighbour hopping, charge carrier transport occurs via a tunnelling effect in 

which the trapped carriers can hop from their sites into the nearest neighbour sites 

when the carriers receive sufficient thermal energy. Variable range hopping, 

however, occurs through the hopping of trapped carriers from their sites into other 

sites which are far away but with low trap energies [137]. These two hopping 

conduction mechanisms in MIM structures are shown in Fig. 3.16.  

 

Figure 3.16: Schematic representation of nearest neighbour hopping (NNH) and 

variable range hopping (VRH) in an MIM structure. 
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The hopping current density relationships of NNH and VRH are given by equations 

3.28 and 3.29, respectively. 
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where σ0 is the electrical conductivity at a temperature of T0, and E is the applied 

electric field across the insulator. 

Hopping conduction is a commonly reported mechanism in RRAM devices. 

Hopping conduction dominates in the HRS, and exhibits different temperature 

dependencies. For NNH, ln(σ) α T-1, while for VRH, ln(σ) α T-1/4. This mechanism 

is observed in the W/ZnO:B/W device structure, as reported by Fu-Chiu [150]. The 

J-E curve in HRS suggests hopping conduction in the high electric field region 

(larger than 0.35 MV/cm). Yan et al. [143] verified that hopping conduction 

dominates in the LRS and coexists with Schottky emission in the HRS in 

TiW/Cu2O/Cu devices. In the LRS, the ln(σ) α T-1/4 plot fits the VRH model, where 

carriers move by hopping through the filaments which connect the top and bottom 

electrodes. In the HRS, due to the filament rupturing, a Schottky barrier is formed 

at the Cu2O/Cu interface and copper vacancies accumulate at the TiW/Cu2O 

interface. Consequently, the carriers move by hopping between the remaining 

section of the filament and emit at the Cu2O/Cu interface. Therefore, charge carriers 
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can jump from one site to another and follow the hopping conduction mechanism 

in the case of a high density of trap sites within the resistive switching matrix. 

3.4.2.5 Space ‒ Charge ‒ Limited ‒ Current (SCLC) Conduction 

Space-Charge-Limited-Current (SCLC) is a common conduction mechanism that 

explains charge carrier transport in some semiconductors and insulators. SCLC 

occurs when electric charge is injected from a metal into an insulating material. The 

build-up of injected charge creates a region of space charge and an associated 

electric field that limits further current from passing into the insulator. It is 

considered a bulk limited process because the injected charge creates a region of 

space charge in the bulk of the material, in contrast to electrode limited process that 

occurs at the interface between the metal and insulator.  

The charge carriers can be injected in trap sites, e.g. impurities or defects, whilst 

others participate in current flow across the insulator. The SCLC mechanism can 

be identified whenever three different regions are observed in a log J − log V plot 

[137,139]. In the low electric field region, the rate of charge carrier injection is low 

and less than that of thermally activated carriers. The log J − log V plot in this region 

is explained by Ohm’s law: the current is linearly proportional to voltage (I α V) 

with a slope equal to 1. This region is defined as the Ohmic region, and the current 

density in this region is given by Eq. (3.30). Increasing the applied electric field 

leads to an increase in the rate of injection of charge carriers and, as a result, the 

concentration of injected charge carriers becomes larger than that of thermally 
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activated carriers. Under these circumstances, the traps start to fill up, and current 

passing through the insulator is limited by the space charge. The log J − log V plot 

of this regime shows a square dependence of current on voltage (I αV2) with a slope 

equal to 2. This region is known as trap-controlled space charge limited current 

(TC-SCLC), and the current density relationship in this region is expressed by Eq. 

(3.31). As the voltage increases further, and specifically once a threshold voltage, 

known as the trap-filled limit voltage (Vth) has been exceeded, the current density 

resulting from space charge limited current is described by the Mott-Gurney Law 

and also referred to as trap-filled space charge limited current (TF-SCLC) regime. 

In this region, all traps are totally filled, and the injected charge carriers are free 

from trapping. The log J − log V plot of this regime again shows a square 

dependence of current on voltage (I αV2), with a slope equal to 2. The current 

density expression of the trap-filled (TF-SCLC) region is given by Eq. (3.33). A 

typical log J − log V plot of SCLC showing these three transition regions is shown 

in Fig. 3.17. 
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Figure 3.17: Schematic representation the log J - log V plot of SCLC. (1) Ohmic 

region, (2) TC-SCLC region (partially filled-traps), and (3) Mott-Gurney region 

(all traps are filled). Vtr is transition voltage, and VTFL is trap filled limit voltage. 
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Mott-Gurney law, trap-filled space charge limited current (TF-SCLC), region: 
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The separation between regions 2 and 3 in Fig 3.17 represents the transition from 

the trapped carrier regime to the free carriers regime. The required voltage to set 

this transition is given by: 

  2

2
dNq

V
t

TFL
                                           (3.34) 

In the above, q is the electronic charge, n0 is the charge carrier density in thermal 

equilibrium  µ is the carrier mobility, V is the applied voltage, d is the thickness of 

the insulator layer,  ε is the dielectric permittivity of the insulator, Nc is the density 

of states in conduction band, Nt is the concentration of traps, gn is the degeneracy 

of the conduction band, Ec is the conduction band edge energy, Et is the trap energy, 

k is Boltzmann’s constant, T is the absolute temperature, and θ is the ratio of trapped 

and free charge carriers. θ is equal to 1 in region 3 where all the traps are totally 

filled. 

This conduction mechanism has been reported in several resistive switching devices. 

Devices with conduction governed by SCLC should show the above mentioned 

distinct regions when the I-V curve plotted in the log I − log V scale. As reported 

by Chen et al.[148], SCLC is the responsible conduction mechanism in Al/ZnO/Si 

devices in the LRS. The I-V characteristics show an Ohmic behaviour (I α V) with 

a slope equal to 1.05 in the low voltage regime and followed by partly filled traps 

region and fully filled traps region in the high voltage regime. SCLC observed to 

be the governing conduction in the HRS in Au/ZnO nanorods/AZO devices 
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fabricated by Sun et al. [24]. The log I versus log V fits well the three portions of 

SCLC conduction with different slopes. The Ohmic behaviour (I α V) dominates at 

low applied voltage with a slope equal to 1, followed by the square law (I αV2) 

regime at high applied voltage with a slope equal to 1.89, then the trap-free square 

law at very strong injection region. Further, as reported by Kim et al. [22], in both 

HRS and LRS, SCLC is the dominant conduction mechanism in resistive switching 

device based on TiO2 thin films sandwiched between Pt top and bottom electrodes. 

The logarithmic I-V plots in HRS and LRS at different temperatures are both in 

good agreement with the SCLC mechanism in which the three regions are observed. 

Therefore, observation of three distinct regimes; Ohmic behaviour (I α V),  Mott-

Gurney square low, and an abrupt increase in current at high voltages in the I-V 

curve plotted on a logarithmic scale indicates SCLC.  

3.5 Valence Change Memories (VCM)  

The valence change switching mechanism is considered one of the most common 

mechanisms that has been used to explain the switching process in RRAM devices 

based on binary metal oxides and perovskites as a switching layer in the MIM 

structure. Basically, RRAM cell based on VCM consists of switching matrix e.g. 

binary metal oxide layer sandwiched between two electrodes; anode and cathode. 

It is well known that the binary metal oxides have defects such as oxygen vacancies 

which can play a key role in the resistive switching mechanism in this type of 

memristors. 
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The resistive switching in VCM is based on generation and migration of  oxygen 

vacancies in transition metal oxides upon the applied electric field. This results in 

an enhancement or a depletion of oxygen vacancies that changes the valence state 

of the transition metal cations, resulting in a local change in the electronic structure 

of the material [32]. Because of the change in valence of the material, this class of 

resistive switching memory is called valence change memory (VCM). These 

oxygen vacancies are much more mobile than the transition metal cations. Usually, 

the pristine RRAM device shows low conductivity and an electroforming process 

is required to activate the device by the application of  high voltage (higher than the 

set voltage). Once activated, the device can be switched between ON and OFF states 

by changing the magnitude and/or the polarity of applied voltage. A high local 

temperature can be formed due to the high current pass through the insulator layer 

during the electroforming process. This may lead to local structural changes by 

forming e.g. oxygen vacancies and oxygen anions within an insulator layer [154]. 

The formation of oxygen vacancies and oxygen anions can be given by: 

                                                  Oo→Vo
2+ + Oi

2−                                                                           (3.35) 

where Oo,Vo
2+, and Oi

2-  represent the oxygen atoms, the oxygen vacancies and the 

oxygen anions, respectively.  

When a voltage is applied in one direction, the oxygen anions move toward the 

anode, an oxidation process occurs, leading to the evolution of oxygen bubbles. 

This reaction process can be expressed by: 
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                                                   Oi
2−→2e− +1/2O2↑                                             (3.36) 

Oxygen vacancies, on the other hand, migrate to the cathode and as a result an 

oxygen-deficient region forms and extends to the anode. At this region, metal 

cations accumulate and at the same time trap the electrons emitted from the cathode.  

This reaction is given by: 

                                                   Mz+ + ne− → M(z-n)+                                               (3.37) 

where Mz+ represents the positive metal cations. 

Oxygen vacancies can arrange themselves to form a conductive pathway across the 

insulator layer and connect the top and bottom electrodes. As a result of the 

formation of conductive pathway, the resistance of RRAM device switches from 

the HRS to the LRS (set process). In contrast, by changing the polarity of the 

applied voltage, oxygen anions move backwards to the cathode. Consequently, the 

conductive filament may rupture and the reset process of bipolar RRAM device 

takes place. In a unipolar RRAM device, however, the reset process may be 

attributed to the dissolution or deformation of a conductive filament caused by Joule 

heating [154]. The conductive filament rupture in bipolar and unipolar resistive 

switching occurs due to the recombination of oxygen anions with oxygen vacancies 

in the CF region, e.g, 
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                                                       Oi
2− + Vo

2+ → Oo                                                   (3.38) 

A schematic diagram of VCM switching is illustrated in Fig. 3.18. The formation 

and rupture of a CF (set and reset processes) in VCM RRAM devices has been 

observed using in-situ TEM techniques as reported in [113,155]. 

 

Figure 3.18: Schematic diagram illustrating VCM in an MIM structure. 

3.6 Electrochemical Metallization Memory (ECM) 

Electrochemical metallization memory (ECM), and also referred to as conductive 

bridge memory is an increasingly important area in non-volatile RRAM devices 

applications. ECM is similar to VCM in that the resistive switching mechanism 

relies on the formation and rupture of CFs, but ECM involves mobile metallic 
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cations rather than oxygen vacancies. Fig. 3.19 illustrates the basic operation of an 

ECM cell within the MIM structure. 

 

Figure 3.19: Schematic diagram illustrating the basic principle of resistive 

switching in ECM based RRAM devices using an Ag active electrode and a Pt inert 

electrode as an example, with a solid electrolyte between them. 

The ECM unit cell consists of a solid electrolyte sandwiched between two metal 

electrodes. A variety of materials can be used as solid electrolytes such as metal 
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oxides, chalcogenides, and organics with thicknesses of a few tens of nanometre. 

One of the metal electrodes should be chemically inert, such as Au, Pt, and W, while 

the other should be chemically active, such as Cr, Ag and Ni. This electrode plays 

an essential role in the switching mechanism by providing the ECM cell with 

metallic cations. The pristine ECM cell often shows high resistance, and a forming 

step is needed to activate it [27,32,129]. After the forming step, application of a 

positive voltage to the chemically active electrode causes dissolution of electrode 

atoms due to the oxidation reaction at the electrode/solid electrolyte interface. This 

reaction is given by: 

        M → Mz+ + ze−                                         (3.39) 

where M denotes the metal atoms, and Mz+ donates the metal cations. 

As a result of the oxidation reaction, metal cations diffuse into the solid electrolyte 

film and migrate towards the inert electrode under the effect of the electric field. 

Once reached, metal atoms are formed through a reduction reaction by electrons 

emitted from the inert electrode, e.g. 

                                                      Mz+ + ze− → M                                                 (3.40) 

These metal atoms accumulate on the surface of the electrode, and a growth of a 

conductive bridge across the solid electrolyte takes place. When the conductive 

bridge/filament is formed and connected with the opposite active electrode, the 
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device switches to the LRS. It can maintain its resistance state until the opposite 

voltage polarity is applied. Application of a negative voltage to the active electrode 

causes a dissolution of the CF. The dissolution process starts from the weakest point 

in the CF and continues until the rupture of CF, which switches the device again to 

its initial state (HRS). Joule heating, especially in unipolar resistive switching, is 

also expected to cause the rupture of CF at the narrowest region due to the large 

current passing through it [27,32,129]. Unipolar and bipolar ECM devices have 

been reported in [21,156] respectively. 

3.7 Memristor Applications 

Besides non-volatile memory applications, memristors can also be used in other 

fields, such as analogue circuits, digital circuits, sensor networks, neuromorphic 

computing systems, and chaotic systems. The following is a brief description of 

memristor applications as non-volatile memory and neuromorphic systems 

applications. 

 Non-Volatile Memory 

One of the most considerable potential applications of memristors is non-volatile 

resistive random access memory (NVRRAM). Memristors are two terminal devices 

that can be fabricated into crossbar structure which provides the potential for high-

density data storage cells. Practically, this architecture can be achieved using the 

simple MIM structure where the insulator matrix is positioned in between the 

bottom and top electrodes. Crossbar memristors consist of horizontal and vertical 
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lines network, and each crosspoint of a horizontal line (word line) and vertical line 

(bit line) represents a memristor cell. Other architectures can also be used to 

synthesise memristors, such as planar structure and vertical structure which is used 

in this research. The resistance of memristor decreases (ON state) and increases 

(OFF state) by changing the polarity and magnitude of applied bias. The ON and 

OFF states of memristors represent the codes 1 and 0 for digital applications. For 

non-volatile memory applications, memristors offer advantages of a CMOS 

integrated circuits technology and high scalability down to 5x5 nm cell dimensions 

size [157] which is considered impossible to achieve by other current technologies. 

They have been also showed high on/off ratio of more than 107, excellent speed 

switching time with 10 ns, and long endurance of over 1012 cycles and data retention 

time of more than 2.5 x 105 s [158,159]. Additionally, low power operation and 

easy fabrication and inexpensive solution process of organic material, make 

memristors a promising non-volatile memory technology. 

 Neuromorphic Systems 

Another significant and promising application of memristors is their use in 

neuromorphic computing applications. Electronic switching in memristors is very 

similar to that of synapses in biological systems. Therefore memristors can be used 

to develop computing systems that mimic the learning and information processing 

capability of biological brains. The development of systems such as this have many 

advantages for the real-time processing of large amounts of sensory information 

such as that used for image and voice recognition.  
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Biological neurons consist of soma, axon, axon terminals, and dendrites as shown 

in Fig. 3.20. The soma role is to unify all the signals of dendrites and to organise 

the firing rate of signals via the axon. The spikes propagate through the axon and 

transmit to the next neuron through the synapses. The axon terminals are specialized 

to release the neurotransmitters of the pre-synaptic neuron [160]. The synapses, 

which are 20–40 nm wide gaps between the axon end (axon terminal of the pre-

synaptic) and the dendrites of the post-synaptic, transmit the signal either 

chemically by releasing neurotransmitters or electrically depending on the type of 

the synapse. The synapses contribute to the computation by changing their 

connection strength as a result of neuronal activity, which is known as synaptic 

plasticity. Synaptic plasticity is the mechanism that is believed to underlie learning 

and memory of the biological brain. Memristors have the capability to work as an 

electronic synapse using the advantages of the nanoscale fabricating cell size and 

the non-volatile property which are both characteristics required in the 

implementation of synapse systems.  

Nanosize crossbar memristor devices have been demonstrated as synapses in 

neuromorphic circuits based on co-sputtered Ag/Si layer integrated with CMOS by 

Sung et al., [161]. A co-sputtering of Ag and Si switching layer with a well designed 

Ag/Si mixture ratio resulted in a formation of a Ag-rich (low resistivity) region and 

a Ag-poor (high resistivity) region. Under applied voltage, a uniform conduction 

front between the Ag-rich and Ag-poor regions can be occurred by movement of 

Ag nanoparticles that incorporated into the Si medium. The continuous motion of 
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Ag nanoparticles front and back results in an analogue switching between two 

resistance states. In crossbar device structure, each crosspoint forms a synapse that 

consists of a pre-neuron (bottom electrode) and a post-neuron (top electrode) with 

the active layer in between as shown in Fig. 3.20.  

 

Figure 3.20: Schematic showing the nanoscale crossbar memristor devices and its 

application in neuromorphic systems as a synapse (right), and pre- and post-

synaptic neurons (left) taken  from [161]. 

The resistance state of memristor switches between the HRS and the LRS when an 

electric field is applied. Electrical signals or ion flows can change the synaptic 

weight in biological systems. Similarly, the electronic synaptic weight in 
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neuromorphic systems can also be altered by changing the conductance of 

memristor by applying an electric field between the pre-neuron and the post-neuron. 

In addition, the increase and decrease in memristor conductance can be utilised in 

the learning process in neuromorphic computing systems. For example, synaptic 

plasticity shows a potentiation and depressing response and Spike Timing 

Dependent Plasticity (STDP) as well as Long-Term Potentiation (LTP) and Long-

Term Depression (LTD) behaviours [160]. In the biological neurons, hippocampal 

neurons, for example, the STDP depends on the relative time arriving of presynaptic 

and postsynaptic spiking. Repetitive spiking of the presynaptic neuron before the 

postsynaptic neuron causes a strengthening of synaptic plasticity and that results in 

a Long-Term Potentiation (LTP). While repetitive spiking of the postsynaptic 

neuron before the presynaptic neuron causes a weakening of synaptic plasticity and 

that leads to a Long-Term Depression (LTD) [162]. The STDP of cultured 

hippocampal neurons is shown in Fig. 3.21.  

Memristor can mimic the biological synapse as shown in Fig. 3.22. The figure 

shows the STDP characteristics of a memristor based on a chalcogenide as a 

resistive switching material. As shown in the figure, long-term potentiation (LTP) 

takes place due to the presynaptic spike precedes the postsynaptic spike (Δt ˃ 0), 

while long-term depression (LTD) occurs due to the postsynaptic spike precedes 

the presynaptic spike (Δt ˂  0). These memristor behaviours are demonstrated in this 

research work and will be presented in the result sections of chapter five and six. 
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Figure 3.21: STDP characteristics of hippocampal neurons taken from [162]. 

 

Figure 3.22: the STDP characteristics of synapsis memristor based on Ge2Sb2Te5 

film sandwiched between two electrodes of TiW taken from [163]. 
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 Experimental Methodology 

In this chapter, the materials and processes used to fabricate the optical non-volatile 

memory devices are presented. The chapter begins with a description of the 

properties and applications of ZnO semiconductors and poly(disperse red 1 acrylate) 

polymer materials. The methodology for growth of the vertically aligned ZnO 

nanorod thin films using a microwave oven approach is then given followed by a 

description of the techniques used to deposit (via spin-coating) a thin polymeric 

film over the ZnO layer. The chapter also includes details of the preparation of 

polymer/metal nanoparticle hybrid devices, metal evaporation of the device 

electrodes and techniques used to characterise the devices including Dektak, SEM, 

TEM, and electrical and optical measurements. 

4.1 Zinc Oxide (ZnO) 

Recently, ZnO has received considerable attention due to its various applications in 

industry and scientific research, such as photodetectors, light-emitting diodes, 

transparent thin film transistors, solar cells, sensors, transparent conductive 

electrodes, and optical waveguides. ZnO is an n-type semiconductor with a direct 

bandgap of 3.37 eV and large exciton binding energy of the order of 60 meV at 

room temperature [164]. Due to its wide bandgap and transparency, it is considered 

a good candidate to develop transparent solid-state electronic and optoelectronic 

devices in wavelengths ranging from blue to UV. The ZnO bandgap can be 

modified by doping with other materials. For instance, the bandgap of ZnO 



 

 
 

94 CHAPTER FOUR 

increases to ~ 4.0 eV or decreases to ~3.0 eV by substituting Mg or Cd, respectively 

[165]. 

The most common crystal structure of ZnO is a hexagonal wurtzite with lattice 

parameters a = 3.2495 ̊A, and c = 5.2069 ̊A. In the tetrahedral arrangement, each 

Zn atom is surrounded by four O atoms and vice-versa. The hexagonal wurtzite 

structure of ZnO is illustrated in Fig 4.1. However, ZnO can be found in different 

structures, but they are uncommon, such as the zinc blende structure which can be 

obtained when ZnO is grown on a cubic substrate, and the cubic rock-salt structure 

by growing ZnO at high pressures [166]. 

 

Figure 4.1: A Schematic illustration the hexagonal wurtzite structure of ZnO taken 

from [164]. 
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ZnO has unintentional point defects that form during the growth processes. These 

defects include; vacancies (atoms absent from their regular positions in the lattice), 

interstitials (additional atoms in the lattice), and antisites (an O atom occupying a 

Zn atom site and vice-versa). These defects may affect the optical and electrical 

properties of ZnO. However, it is still under debate whether the n-type conductivity 

of ZnO is caused by unintentional point defects [167] or something else like 

hydrogen, which can be found in most of the growth environments [164]. 

ZnO can be synthesised in many nanostructures, such as nanowires, nanorods, 

nanorings, nanobelts, nanotubes, and nanoparticles using different fabrication 

techniques. Fig. 4.2 shows a collection of ZnO nanostructures prepared from solid 

powder using thermal evaporation under different conditions [168]. Among these 

nanostructures, one-dimensional (1D) ZnO nanorods have attracted a lot of interest 

due to their applications as solar cells [169], LEDs [170], gas sensors [171], and 

resistive switching memories [24]. 

Here, optical memristor devices based on vertically aligned ZnO nanorods 

embedded within an optically active polymer are developed. In particular, vertically 

aligned ZnO nanorods are grown using a simple and cheap microwave-assisted 

hydrothermal technique which will be described in section 4.4. 
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Figure 4.2: A collection SEM images of ZnO nanostructures taken from [168]. 

4.2 Gold Nanoparticles 

For the past few decades, nanostructured materials, such as nanotubes, nanorods, 

nanobelts, nanoflakes, and nanoparticles have received significant attention due to 

their unique optical, electronic and chemical properties which differ from that of 

the bulk materials. Gold nanoparticles, in particular, have been introduced as 

promising materials for a wide range of useful applications, such as plasmonics, 

photovoltaic cells, biological sensors, drug delivery, and catalysis [172]. Au NPs 

have also been used to fabricate hybrid and non-hybrid material devices in the field 

of nonvolatile resistive switching memory with different cell configurations [173]. 
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Au NPs can be synthesised with sizes ranging from 1 to 100 nm in different shapes 

by using a top-down approach or a bottom-up approach. In the top-down approach, 

Au NPs are produced from shattering of gold bulk into nanoscale particles. This 

approach utilizes several physical techniques, e.g. laser ablation, ion sputtering, and 

arc discharge for Au NP production. On the other hand, the creation of Au NPs in 

the case of bottom-up approach is achieved by constructing the material from the 

atomic scale. Chemical techniques, e.g. chemical reduction from a solution of 

hydrochloroauric acid (HAuCl4) are common methods used to produce 

nanoparticles [174]. Au NPs can be functionalised by covering them with capping 

agents, such as citrate acid, tannic acid, polyvinyl pyrrolidone (PVP), polyethylene 

glycol (PEG), and bovine serum albumin (BSA) [174]. This process is required to 

improve the stability of Au NPs and make them suitable for a specific application. 

The physical and chemical properties of Au NPs are different from those of the gold 

bulk, and they can be modified by changing the features of Au NPs: size, shape, 

clustering, and surface ligands. For example, spherical Au NPs with a diameter 

range of 2-100 nm in aqueous solution show an optical absorption peak from 500-

550 nm due to the surface plasmon band which emerges from collective vibrations 

of the conduction electrons excited by incident photons, whilst this band is missing 

in the case of bulk material or nanoparticles with diameters less than 2 nm. The 

performance of devices based on Au NPs is also dependent on these features. From 

the nonvolatile memory applications point of view, the size of Au NPs affects the 

performance of resistive switching devices. The ON/OFF ratio, for instance, has 

been increased by decreasing the size of Au NPs. Smaller Au NPs have a reduced 
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capacity for charge storage. This leads to an increase in the OFF resistance, and as 

a result, an increase of the ON/OFF ratio [175]. 

Hybrid organic-inorganic composites are a major area of interest within the field of 

electronic and optoelectronic devices. Specifically, nanoparticles blended with 

polymer hosts have emerged as promising candidates for non-volatile memory 

application owing to their significant characteristics: easy, fast, and low-cost 

fabrication process using spin-coating techniques at room temperature, operation 

with low power, high on/off ratios, fast read/write cycles, and fabrication on light 

and cheap substrates. In general, the wide band gap of polymers results in low 

conductivity. Their conductivity, however, can be increased by doping with 

conducting NPs. Devices can be formed in a simple MIM structure in which 

organics or hybrid organic-inorganic materials are sandwiched between two 

electrodes. Bipolar and unipolar resistive switching behaviours have been 

demonstrated in several switching devices based on organics and nanocomposites 

as active switching materials. The performance and characteristics of these devices, 

such as ON/OFF ratio, retention, endurance, switching behaviour and switching 

threshold voltages can be modified by controlling the concentration of 

nanomaterials, e.g. NPs, in host organic matrices [120]. Several conduction 

mechanisms have been proposed in these systems. These mechanisms include 

Space-Charge-Limited-Current (SCLC), Schottky emission, thermionic emission, 

Ohmic conduction, hopping conduction, and tunnelling current [120], which are 

explained in chapter 3. 
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4.3 Azobenzene Polymers 

Azobenzene Polymers are a major area of interest in the field of optical switching. 

Azobenzene polymers are organic molecules that consist of two phenyl rings 

around the azo (−N=N−) bond. Azobenzenes can be found in two geometric isomers; 

trans (E) and cis (Z), as shown in Fig. 4.3. At room temperature, the trans isomer 

is considered more stable than the cis isomer. In addition, the trans isomer has 

almost no dipole moment and tends to be planar with the distance between the two 

carbon atoms in the 4- and 4ʼ-positions about 9.0 Å, whereas the cis isomer has a 

dipole moment of 3 Debye and tends to be twisted with a 5.5 Å distance between 

the two carbon atoms in the 4- and 4ʼ-positions [176].  

 

Figure 4.3: Trans and cis isomers of azobenzene, which may be interchanged 

through photoisomerization process. 
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Azobenzenes can be divided into three categories: unsubstituted azobenzene type, 

aminoazobenzene type (4-nitro-4´-hydroxyazobenzene (NHA), that has ortho- or 

para- substitutes with the −NH2 group, and pseudo-stilbenes type (Disperse Red 1 

(DR1), with amino and nitro groups at the 4- and 4ʼ- positions. These three 

azobenzene molecules types and their absorption spectra are illustrated in Fig. 4.4. 

One of the most important properties of azobenzenes is the photoisomerization 

process that changes the conformation of the molecule. Upon irradiation by light 

with wavelength in the range of 380-600 nm the azobenzene chromophores undergo 

to a reversible switch from the trans to the  cis configuration. The cis isomers, 

however, can be switched again to their initial stable state (to the trans isomers) via 

thermal relaxation or through irradiation with another wavelength. The time for 

thermal relaxation can range from milliseconds to days, depending on the 

substitutes and local ambient of experiment. It is worth mentioning that a single 

wavelength can cause a continuous cyclical photoisomerization from the trans 

isomer to the cis isomer and vice-versa in some azobenzene molecule types, e.g. 

pseudo-stilbenes, due to the overlap of the absorption spectra of the two isomers 

[177].  
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Figure 4.4: Azobenzene molecule types and their absorption spectra. Azobenzene 

(top left), aminoazobenzene (4-nitro-4´-hydroxyazobenzene (NHA) (top middle), 

and pseudo-stilbenes (Disperse Red 1 (DR1) (top right) [177]. 

To produce large macroscopic expansion and contraction effects, the molecules 

need to be aligned. This can be achieved by irradiation with different light 
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polarisations [178]. Although the photoisomerization mechanism is still unclear and 

debatable, it can be attributed to one of two mechanisms: rotation or inversion, as 

shown in Fig. 4.5. Photoisomerization happens through rotation about the −N=N− 

double bond in the case of rotation mechanism, whereas through the reversal of one 

of the N−C bonds in the case of inversion mechanism [176,177].  

 

Figure 4.5: A schematic of photoisomerization mechanisms between trans and cis 

isomers. 



 

 
 

103 CHAPTER FOUR 

Moreover, azobenzene polymers undergo to a photomechanical effect due to the 

photoisomerization process. The azobenzene polymer thin films can be photo-

expanded and photo-contracted with a change in volume of up to 17%. This 

photomechanical effect does not only depend on the wavelength/polarisation of 

incident light but also on the temperature, light power and irradiation time 

[179,180]. 

Azobenzene Polymers and azobenzene-containing liquid crystal (LC) polymers 

have been suggested as promising candidates for several applications, such as 

photo-robotics, photomechanical actuation, gratings, optical polarizers, wavelength 

filters, and as photonic bandgap materials [177]. 

4.4 Device Fabrication Procedure 

The two main hybrid material device structures investigated in this thesis consist of 

vertically aligned ZnO nanorods embedded within a PDR1A layer and Au NPs 

blended within a PDR1A layer. Both optical devices consist of the active layer 

sandwiched between an electrically conductive and optically transparent indium tin 

oxide (ITO) bottom electrode and an aluminium (Al) top electrode, giving an 

overall structure of ITO/ZnO/PDR1A/Al and ITO/Au NPs:PDR1A/Al. The ITO-

coated glass substrates with sheet resistance (Rs) of = 80 – 120 Ω and ITO thin film 

thickness of 120 – 160 nm were purchased from Delta Technologies. The 

fabrication used to synthesise the ZnO/PDR1A based optical memory devices will 

be explained in detail in section 4.4.1. The fabrication method of optical memory 
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devices consisting of Au NPs:PDR1A is given in section 4.4.2 and 4.4.3. The 

instruments used for characterization and measurements of morphology, chemical 

composition, absorption spectra, film thickness, and electrical measurements 

combined with optical modulation are described in section 4.5.   

 Fabrication of ZnO/PDR1A Based Devices 

4.4.1.1 Seed Layer 

Prior to the growth of ZnO nanorods, a seed layer is required to provide nucleation 

sites for ZnO nanorods. ITO-coated glass substrates were cleaned with acetone, 

propan-01-ol, and de-ionized (DI) water for 5 min each using sonication. The 

substrates were then rinsed with DI water and dried under N2 flow. A 10 mM seed 

solution was prepared by dissolving a 0.22 g of zinc acetate dehydrate 

Zn(CH3COO)2.2H2O (99%, Sigma-Aldrich) in 200 ml of propan-01-ol. This seed 

solution was spin coated three successive times on cleaned ITO-coated glass 

substrates at 2000 rpm for 30 s. After each spin coating step, the substrates were 

annealed at 350°C for 30 min. The annealing process plays an essential role by 

decomposing the zinc acetate into zinc oxide crystals. In addition, it increases the 

adhesion of nucleation sites and aligns them vertically which leads to a better 

adhesion and vertical alignment of ZnO nanorods. 

4.4.1.2 ZnO Nanorod Growth 

Vertically aligned ZnO nanorods were grown from the ZnO seeds by submerging 

the substrates in a growth solution and heating using a scientific microwave (CEM, 
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MARS 5). The 25 mM growth solution was prepared from 1.5 g of zinc nitrate 

hexahydrate, Zn(NO3)2.6H2O (99%, Sigma-Aldrich) and 0.7 g of 

hexamethylenetetramine (HMTA) (99%, Sigma-Aldrich), both dissolved in 200 ml 

of DI water. Each substrate was placed upside down in a separate reaction vessel 

containing 20 ml of the growth solution. Firstly, the solution was heated slowly to 

80°C with a ramp time of 15 min. This was done to achieve uniform growth of the 

bases of the nanorods without the presence of larger crystallites, which can short 

circuit the devices. Following this initial growth step, the temperature was 

maintained at 80°C for another 30 mins. This step is used to grow the nanorods to 

the desired length which is between 200 nm and 250 nm. After 30 min growth time, 

the substrates were taken out of the microwave, removed from the growth solution 

and rinsed with DI water and dried under N2 flow. The ZnO nanorods growth 

conditions are summarised in Table 4.1. The seed layer and growth procedures are 

based on [181,182].  

Adding the HMTA provides the growth solution with OH- ions which facilitate the 

precipitate the Zn+ ions in a high pH environment. The growth of ZnO nanorods 

relies on the following reaction process [183]: 

Decomposition reaction: 

(CH2)6N4 + 6H2O → 6HCHO + 4NH3 
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Hydroxyl supply reaction: 

4NH3 + H2O → NH4
+ + OH˗ 

Supersaturation reaction: 

2OH˗ + Zn+2 → Zn(OH)2 

ZnO nanorods growth reaction: 

Zn(OH)2 → ZnO + H2O  

 

Table 4.1: Summary of ZnO nanorod growth conditions. 

Growth Technique Microwave-Assisted Hydrothermal 

Nanostructure Type Vertically aligned ZnO Nanorods 

Substrate ITO-Coated Glass 

Reactants 
Zinc Nitrate Hexahydrate and 

Hexamethylenetetramine (HMTA) 

Temperature 80°C 

Ramp Time 15 min 

Growth Time 30 min 

Power 100 W 
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4.4.1.3 Microwave˗Assisted Hydrothermal Technique 

ZnO nanorods have been synthesised using various fabrication techniques, such as 

vapour-liquid-solid (VLS), vapour-solid (VS), thermal evaporation, metal-organic 

chemical vapour deposition (MOCVD), oxide-assisted growth, template-assisted 

growth, and microwave-assisted hydrothermal synthesis [168]. Among them, the 

microwave-assisted hydrothermal method has been introduced as a commercial and 

low-cost route for fabrication ZnO nanorods because it does not need high 

temperature, catalysts, high vacuum, and limited substrates as other techniques do. 

Also, microwave-assisted hydrothermal synthesis has the advantage of the 

capability to form high purity ZnO nanostructures in shorter periods of time than 

other techniques. 

The basic principle of the microwave-assisted hydrothermal method is 

schematically shown in Fig. 4.6. The microwave oven consists of several vessels; 

one of them works as a control vessel that equipped with contactless temperature 

and pressure sensors to control the pressure and temperature during fabrication 

process, and others are reaction vessels for nanostructures fabrication process. 

Additionally, the microwave has a magnetic stirrer to disperse the temperature 

uniformly and to avoid the localised hot spots during the reaction process. 

Microwave irradiations propagate through the reaction mixture and transfer into 

heat. The desired ZnO nanorods features, such as length and diameter can be 

modified by adjusting the power and growth time [184]. 
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Figure 4.6: Schematic showing the microwave-assisted hydrothermal synthesis 

method: (1) microwave oven, (2) reaction mixture solution, (3) pressure control, 

(4) temperature sensor, (5) reaction vessel. 

4.4.1.4 PDR1A Deposition 

It is well known that ZnO nanorods show resistive switching behaviour when they 

are sandwiched between two electrodes. Depositing a layer of poly(disperse red 1 

acrylate) (PDR1A), which is an optically active material that expands and contracts 

under optical irradiation, provides an interesting method to modify and study how 

this affects the resistive switching properties of devices. The PDR1A molecules are 

shown in Fig. 4.7 and consist of an azobenzene unit in addition to an alkyl chain to 

improve the stability and mobility of the molecules [185].  
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To deposit thin films of PDR1A, a 2% (wt.) solution was prepared by dissolving 

PDR1A (Sigma-Aldrich) in tetrahydrofuran (THF). This solution was spin coated 

onto the ZnO nanorod layer at 1000 rpm for 30 s and then annealed at 90C for 8 h 

in vacuum to remove any remaining solvent. Besides these hybrid material devices 

(ZnO and PDR1A), control devices were fabricated as well. One device consisted 

of ZnO nanorods sandwiched between ITO and Al, another consisted of a layer of 

PDR1A sandwiched between ITO and Al. 

 

Figure 4.7: The PDR1A molecules in trans and cis forms. 



 

 
 

110 CHAPTER FOUR 

 Fabrication of Au NPs:PDR1A-Based Devices 

4.4.2.1 Preparation of Au NPs and PDR1A Solutions 

In order to fabricate hybrid Au NPs:PDR1A resistive switching devices, two stock 

solutions were prepared by weight. These solutions include 1% functionalized Au 

NPs (PlasmaChem) with a diameter of 6-7 nm in toluene and 5% of PDR1A (Sigma 

Aldrich) in THF. 

4.4.2.2 Deposition of Active Switching Thin Films 

Prior to the deposition process, the thin film solutions were made by mixing an 

optically active polymer (PDR1A) solution with an Au NP solution (both solutions 

were taken from the stock solutions of PDR1A and Au NPs) with mass ratios of 

(0.001, 0.005, 0.01, 0.05, 0.1, and 0.15) using the formulas (4.1, 4.2, and 4.3) in 

which the final film will contain the predefined ratios. The active switching thin 

films of the optical memristors were deposited on the cleaned ITO-coated glass by 

spin coating at 1000 rpm for 30 s, and then annealed at 90C for 8 h in vacuum to 

remove any remaining solvent. In addition, a control device consisting of a thin film 

of PDR1A without Au NPs was fabricated using the same above-mentioned 

parameters.   
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where cx is the Au NPs concentration (1% in toluene by wt.), cy is the PDR1A 

concentration (5% in THF by wt.), Mx is the mass of the Au NP solution, My is the 

mass of PDR1A solution, and Rm is the mass ratio. 

The ratio by volume (Rv) and the volume fraction of the Au NPs in PDR1A were 

calculated using the following equations: 
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 where ρPDR1A and ρAu NPs are the density of PDR1A, 1.26 g/cm3, and Au NPs, 

19.3 g/cm3, respectively. 

The volume fractions of Au NPs in PDR1A calculated from the above equations 

are 0.0065 %, 0.0325 %, 0.065 %, 0.325 %, 0.65 %, and 0.96 %. 
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4.4.2.3 Top Metal Electrodes 

The top contacts of aluminium (Al) with a thickness of 200 nm were deposited on 

the active switching thin films for both kind of devices, (ZnO NRs/PDR1A and Au 

NPs:PDR1A) by thermal evaporation under vacuum at 2x10-6 Torr. A shadow mask 

containing 400 μm diameter circles was used during the deposition process. A photo 

of the fabricated optical memristor devices and a schematic of the device showing 

the ITO/ZnO NRs/PDR1A/Al, and ITO/Au NPs:PDR1A/Al structures are shown 

in Figs. 4.8 and 4.9, respectively. 

 

Figure 4.8: (a) Photo of the optical memristor devices after fabrication. (b) 

Schematic of the optical memristor devices containing ZnO nanorods embedded 

within PDR1A between ITO and Al contacts. 
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Figure 4.9: (a) Photo of the optical memristor device after fabrication, (b) 

Schematic of the optical memristor device consisting of Au NPs mixed with PDR1A 

and deposited between ITO and Al electrodes. 

 Preparation of TEM Samples 

The samples for TEM investigation were prepared by encapsulating the mixed 

solution of Au NPs and PDR1A in resin. Polished resin blocks were used as 

substrates. The first step was cleaning the block resin samples with deionized water 

(DI) for 10 min using ultrasonication, then rinsing with DI water and drying in an 

N2 flow. Next, 100 nm of aluminium (Al) was deposited on the resin sample using 
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thermal evaporation under vacuum. Subsequently, a mixed solution of Au NPs and 

PDR1A with a mass ratio of (Rm= 0.01) was spin coated on the resin sample at 1000 

rpm for 30 s and annealed in vacuum at 40C for 8 h. Afterwards, a second Al thin 

film with a thickness of 200 nm was deposited using thermal evaporation. Finally, 

a layer of resin was drop cast on top. The final structure of the sample was 

resin/Al/Au NPs:PDR1A/Al/resin. For TEM sectioning, the samples were sliced 

into 90 nm thick lamellae using an ultramicrotome. There are two main advantages 

of this preparation method. Firstly, the two layers of Al keep the nanocomposite 

material intact and prevent interaction between the solution and resin. Secondly, 

encapsulation with two resin layers reduces the structural damage of the 

nanocomposite layer during sectioning. 

4.5 Characterization Techniques 

 Scanning Electron Microscopy (SEM) 

SEM was used to investigate the morphology of ZnO nanorods and ZnO nanorods 

embedded within the PDR1A polymer. A Cambridge-STEREOSCAN 360 was 

used in this investigation. SEM is a common technique that has been used in 

different scientific research fields due to its ability to distinguish nanomaterials and 

nanostructures at the nanometre scale. In this technique, the nanostructures and 

nanomaterials can be imaged by focusing an electron beam and scanning over a 

selected area of the sample. A tungsten filament is usually used as a source of 

emitted electrons when it is heated to high temperatures by applying a high voltage. 

These emitted electrons are focused on the surface of the sample by the condenser 
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and objective lenses and accelerated by the anode. Interaction and energy transfer 

between emitted electrons and a sample take place which generates extra signals 

(secondary electrons, SE) reflected from the sample. SEMs equipped with detectors 

to gather the reflected signals and reveal information about the scanned area of the 

sample. Detected signals are amplified and transferred to the display and recorder 

units. 

 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a very useful technique for imaging 

objects and materials at the nanoscale with near atomic resolution. The TEM 

technique involves bombarding very thin samples with high energy (200 keV) 

electrons and measuring the number of electrons that reach the other side. A series 

of condenser and objective lens above and below the specimen provide focusing of 

both the primary and transmitted beam. Some electrons are scattered in the process 

whilst others pass through the specimen and are collected by a detector to reveal 

the fine structure and morphology of the specimen. The thickness of the sample 

under study in a TEM is typically less than 100 nm to allow the electrons to be 

transmitted. The technique is commonly used in physics, chemistry, materials 

science and biology to characterize a wide range of materials with ultra-high spatial 

resolution down to the scale of several angstroms. In this thesis work, a TEM was 

used to investigate the morphology and location of Au NPs embedded within the 

PDR1A polymer. 
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 Energy Dispersive X-Ray Spectroscopy (EDX) 

Energy dispersive x-ray spectroscopy (EDX) is an analytical technique that can be 

used for elemental analysis and hence can identify the chemical composition of a 

sample. This technique is usually attached to SEM and TEM instruments. The EDX 

technique determines the chemical composition of a sample under study depending 

on the generation of x-rays during the investigation. Incident electrons (emitted 

from a source of the electron beam in a TEM or SEM) on a sample cause expel 

electrons from the inner shell (lower energy state) of atoms in the sample into the 

outer shell (higher energy state). Consequently, holes are generated in the inner 

shell. However, an x-ray is produced when the excited electrons return from the 

outer shell into an inner shell. This emitted x-ray then is detected by an energy 

dispersive spectrometer and can be used to determine the elemental composition of 

a sample. A JEOL 2010 High-Resolution TEM with EDS capability was used to 

investigate the morphology and chemical composition of hybrid Au NPs and 

PDR1A systems. 

 UV-Visible Spectroscopy 

 UV-Visible spectroscopy was used to measure the absorbance spectra of 

ZnO nanorods and PDR1A. A Thermo Scientific, Evolution 220, UV-Visible 

Spectrophotometer was used. In the UV-visible spectrophotometer, two light 

sources are used to cover the wavelength range of the UV and visible regions, (200 

– 700) nm. Usually, a deuterium lamp is used for the UV range (190-380) nm, and 

tungsten lamp for the visible range (400 – 700) nm. The beam is separated into 
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different wavelengths by a diffraction grating and only a very narrow range of 

wavelengths can pass through the slit. The light passes through the sample and a 

reference simultaneously. The transmitted light from the sample and reference is 

compared by the spectrophotometer. The light is transferred into the detector to 

reveal the absorption peak of the sample.  

 Dektak Profilometry 

Characterization of the thickness differences in the PDR1A thin film deposited on 

glass under optical modulation and thermal relaxation was performed by dektak 

measurements. A Bruker DektakXT was used in these measurements. Dektak 

profilometry is a powerful, repeatable, and accurate technique that can be used to 

measure the thickness, topography and surface roughness of thin films at the 

nanometre scale. In this technique, a diamond stylus tip is typically used to carry 

out the measurements through a vertical direction movement to contact the sample 

surface and a horizontal direction movement across the surface of the specified area 

of the sample. Analog signal is formed during the vertical movement of the tip and 

transformed into a digital signal. This digital signal is analysed and sent to the 

display unit. The stylus tip has a range of radii (50 nm – 25 μm which are selected 

based on the sample specifications. In addition, scan parameters such as scan speed, 

scan length, and scan duration are controlled through the software of profilometer.  
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 Electrical Measurements and Optical Modulation 

Electrical measurements such as current-voltage characteristics, resistance versus 

optical cycles, potentiation and depression measurements, STDP measurements, 

and retention were carried out at room temperature using a probe station equipped 

with an HP4140B source-meter unit. During these measurements, optical 

modulation of the memristor devices was also induced using an argon ion laser (Ar+) 

tuned to a wavelength of 514 nm. The spot size of the laser beam had a diameter of 

3 mm and the average power per unit area of the exposed device was 180 mW/cm2. 

Optical modulation of photoexpansion and photocontraction was induced by 

circularly and linearly polarised Ar+ laser light, respectively. A schematic diagram 

of the set up used to achieve these measurements is presented in Fig. 4.10. 

An argon ion laser is a gas laser that uses pure argon gas as an active medium. The 

lasing process occurs through the optical stimulation of ionised argon atoms. It is a 

continuous and four level laser. The argon ion laser can be tuned to different 

wavelengths by rotating the prism. These wavelengths include 514 nm (green), 488 

nm (blue-green), 457.9 nm (blue), and 351 nm (ultraviolet). The most commonly 

used is 514 nm, due to its high output power [186]. A typical argon ion laser is 

constructed from a beryllium oxide tube filled with argon gas. Applying a high 

voltage between cathode and anode ionizes argon atoms, and generates a high 

density of argon ions and further excitation of the already excited ions. In order to 

increase the output power of the Ar+ beam, a solenoid coil is placed around the 
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beryllium oxide tube to produce a magnetic field which forces the excited ions to 

be in the centre of the tube instead of the edges [186]. 

 

Figure 4.10: A schematic representation the measurements setup. (1) Ar+ laser, (2) 

shutter, (3) quarter wave plate, (4) neutral density (ND) filter, (5) Mirror, (6) laser 

beam, (7) lens, (8) stage, (9) sample, (10) probes, (11) camera, (12) connection 

wires. 

To obtain the electrical data of potentiation and depression for ZnO NR and Au NP-

based devices, devices were programmed by a series of positive pulses of 2.0 V, 

1.0 V, followed by a series of negative pulses of ‒ 2.0 V, ‒ 1.0 V for ZnO NRs, and 

Au NPs, respectively. For both, a pulse length of 50 ms with a read voltage of 0.15 

V for ZnO NRs device and 0.1 V for Au NPs device was used. In the case of optical 

stimulus, a series of circularly polarised light pulses followed by a series of linearly 

polarised light pulses with a pulse length of 2 min and a pulse separation of 1 min 
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were used. The current was read continuously using read voltages of 0.15 V for 

ZnO NRs device and 0.1 V for Au NPs device. 

The HP4140B source-measure unit in combination with a Keithley 230 voltage 

source was used for STDP measurements. To obtain the STDP curves for ZnO NR 

and Au NP-based devices, the following sequence of pulses were used: (1) an 

initialization pulse of ‒ 2.0 V for ZnO NRs and ‒ 1.0 V for Au NPs (length 100 ms) 

was used to reset the device to an initial off state. (2) A read (probe) pulse of 0.15 

V (150 ms) was used to determine the conductance state of the device, (3) the 

synaptic efficacy of the device was modified by applying a single paired spike 

sequence consisting of two pulses (pre-spike and post-spike) separated by different 

times ranging from −1.0 to +1.0 s, (4) a final read (probe) pulse of 0.15 V (150 ms) 

was used to determine the final conductance state of the devices.
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 Results: Zinc Oxide Nanorod ‒ PDR1A 

Hybrid Devices  

In this chapter, the results of ZnO NR and PDR1A-based resistive switching 

memristors are described. In section 5.1, SEM images showing the morphology of 

ZnO NRs and PDR1A films are reported. Section 5.2 shows the absorption spectra 

of ZnO NRs and PDR1A films. Section 5.3 reports the results of variation of 

PDR1A film thickness (expansion and contraction) upon irradiation and thermal 

relaxation. The electrical and optoelectronic results, as well as the switching 

mechanism of the ITO/ZnO NRs/PDR1A/Al devices, are presented in section 5.4. 

In section 5.5, neuromorphic applications of the devices are presented. 

5.1 Morphology of ZnO NRs and PDR1A 

SEM images of ZnO nanorod arrays grown on an ITO coated glass substrate are 

shown in Fig. 5.1. The length and diameters of ZnO NRs are 200 nm and 40-60 nm, 

respectively. Note: the length of ZnO NRs appear in the SEM images to be greater 

due to the 70º sample tilt. Fig. 5.1 (a) shows the hexagonal structure of ZnO NRs 

in the top view of the SEM image. Also, it can be seen that the ZnO NRs are very 

well vertically aligned on the substrate as shown in Fig. 5.1 (b). Fig. 5.1 (c) shows 

an image of ZnO NRs embedded within a PDR1A thin film.  
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Figure 5.1: SEM images showing  (a) a top view of vertically aligned ZnO NRs 

arrays, (b) a vertically aligned ZnO NRs arrays in which the sample was tilted by 

70º during imaging, and (c) a thin layer of PDR1A covers and partially diffuses 

into the ZnO NR voids. 
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The thickness of the PDR1A thin film deposited on the glass substrate was 113 nm. 

In contrast, the SEM image reveals that the thickness of PDR1A film deposited on 

ZnO NRs film is smaller, which may be attributed to the differences in the 

wettability and frictional forces between the NR surface and glass. In addition, it 

can be seen that the PDR1A film covers the ZnO NR tips and permeates into the 

voids between the nanorods. 

5.2 Absorption Spectra of ZnO NRs and PDR1A 

The ultraviolet-visible absorption spectrum of the ZnO nanorod arrays is shown in 

Fig. 5.2. It can be seen that the absorption peak of ZnO nanorod arrays is located at 

370 nm due to the large exciton binding energy. This compares well with typical 

spectra found in the literature [187,188]. 

 

Figure 5.2: UV-Vis absorption spectrum of vertically aligned ZnO nanorod array 

film prepared at 80°C for 30 min in a microwave oven. 
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Fig. 5.3 depicts the UV-Vis absorption spectrum of the as-prepared PDR1A film 

deposited on a glass with a thickness of 113 nm. A broad absorption in the range of 

380 – 600 nm can be clearly observed. 

 

Figure 5.3: UV-Vis absorption spectrum of PDR1A (2% by wt.) film spin-coated on 

glass at 1000 rpm for 30 s and annealed at 90°C in vacuum for 8h. 

5.3 PDR1A Thickness Characterization 

The PDR1A thickness versus solution concentration was characterised by Dektak. 

Different concentrations (1%, 2%, 3% and 5%) of PDR1A dissolved in THF were 

prepared by weight. These solutions were deposited on glass substrates using spin 

coating at 1000 rpm for 30 s and then annealed at 90°C for 8 h under vacuum. In 

this Chapter, 2% of PDR1A in THF was used, with a thickness of about 113 nm. 
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As illustrated in Fig. 5.4, the film thickness of PDR1A is increased from 80 nm to 

200 nm by increasing the solution concentration from 1% to 5%. 

 

Figure 5.4: PDR1A film thickness vs concentration of PDR1A/THF solution. 

Variation of the PDR1A film thickness under optical illumination was measured by 

Dektak as well. It can be seen from Fig. 5.5 that the thickness of PDR1A increases 

from 113 nm to 147 nm during the first 20 min of irradiation with circularly 

polarised light (514 nm) with a power intensity of 180 mW/cm2. After 20 min 

irradiation, the PDR1A film thickness is still almost constant. Up to 30% of 

photoexpansion of film thickness is observed.  
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Figure 5.5: PDR1A film thickness vs irradiation time. Circularly polarised light 

was used to induce the photoexpansion. 

The stability of the photoexpanded PDR1A film thickness (pre-irradiated films for 

30 min with circularly polarised light) was investigated by monitoring the thickness 

over a 3 h period after removal of the light source, Fig. 5.6. The graph shows a 

steady decrease in the thickness of the polymer during the first 120 min but after 

this period the thickness remains almost the same. Within experimental uncertainty, 

the thickness of the polymer film after thermal relaxation is the same as the 

thickness before irradiation, indicating the effect is entirely reversible. PDR1A can 

also be forced to contract back to its original thickness with a much shorter time 

constant by irradiation with linearly polarised light. This was achieved by removing 
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the ¼ wave plate and using only the linearly polarised light from the Ar+ laser. A 

direct comparison between the forced photo-contraction (red data points) and the 

thermal relaxation (black data points) is shown in Fig. 5.6 with the inset graph 

showing the forced relaxation process takes only 15 min, a factor of 8 times faster 

than the thermal relaxation process. 

 

Figure 5.6: Difference of the PDR1A film thickness with time (thermal relaxation) 

after 30 min irradiation with circularly polarised light (black data) and forced 

relaxation with continuous linearly polarised light irradiation (red data and inset). 
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5.4 Electrical Measurements and Optical Modulation 

 Current ‒ Voltage Characteristics 

The optoelectronic properties of the ITO/ZnO/PDR1A/Al memristor devices were 

studied by doing I-V sweeps before and after laser irradiation. Figs. 5.7 (a) and (b) 

represent the typical I-V characteristics of optical memristor devices. Voltage was 

applied to the top Al electrode, and the bottom ITO electrode was grounded. The 

applied voltage was swept between -2.5 V and +2.5 V (Fig. 5.7 a) and -3 V and 3 

V (Fig. 5.7 b) with a current limit of 10 mA. It is worth mentioning that there was 

no requirement for a electroforming step to activate the device. Bipolar resistive 

behaviour can be clearly observed. Furthermore, it can be clearly seen that a 20 min 

laser irradiation by circularly polarised light (red curve) increases both the ON and 

OFF resistance states (decreased current). The increasing in the resistance is 

consistent with the increase of PDR1A film thickness. Associated with the change 

in resistance, a large change in the resistance OFF/ON ratio is observed.  

The expansion of the polymer is known to be reversible by thermal relaxation and, 

in this case, I-V sweeps were taken during the relaxation process (after 60 min, 

green curve and 120 min, blue curve). After 120 min the polymer has contracted, 

and the electronic properties of the device have returned back to their original state, 

as shown in Fig. 5.7 (a). 
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Figure 5.7: Current-voltage sweep of the ZnO/PDR1A memristor devices before 

irradiation, directly after irradiation for 20 min with circularly polarised 514 nm 

light (180 mW/cm2), after 60 min thermal relaxation and 120 min thermal 

relaxation (a), and (b) after forced relaxation by irradiation for 15 min with linearly 

polarized 514 nm light (180 mW/cm2).  
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The forced contraction effect of PDR1A film on memristor devices switching 

properties was also investigated by irradiation with linearly polarised light. Fig. 5.7 

(b) shows the I-V characteristics of a typical memory cell before irradiation (black 

curve), after 20 min irradiation with circularly polarised light (red curve) and after 

15 min irradiation with linearly polarised light (blue). The graph shows that the 

device resistance in the HRS and LRS states increased upon initial exposure to 

circularly polarised light and then reverted back to its initial value upon irradiation 

with linearly polarised light (forced relaxation). Associated with this is also a 

change in the resistance OFF/ON ratio from approximately 4 to 7, as determined by 

calculating the inverse gradient at a point close to the origin. 

 Role of the Insulating PDR1A Film 

In order to investigate the effect of a PDR1A film on the resistive switching 

behaviour, three types of memristor devices were fabricated. The first device 

contains only a vertically aligned ZnO NRs with an ITO/ZnO NR/Al structure. The 

second device consists of only a PDR1A film, ITO/PDR1A/Al. The third one is a 

hybrid material device that consists of vertically aligned ZnO NRs and a film of 

PDR1A, which has an ITO/ZnO NR/PDR1A/Al sandwich structure. A comparison 

of the I-V characteristics of the three device types is shown in Fig. 5.8. The ZnO 

NRs exhibited typical bipolar resistive switching and the highest conductivity. In 

contrast, the device consisting only of an insulating film of PDR1A showed a 

negligible resistive switching behaviour and the lowest conductivity, which can be 

attributed to the low conductivity of insulating materials. However, the addition of 
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PDR1A to the vertically aligned ZnO NRs enhanced the ON/OFF ratio, and at the 

same time decreased the current of about one order of magnitude in comparison 

with the device that based only on the ZnO NRs. 

 

Figure 5.8: The I-V characteristics of resistive switching devices based on an 

ITO/ZnO NR/Al structure (blue curve), ITO/ZnO NR/PDR1A/Al structure (black 

curve), and an ITO/PDR1A/Al structure (green curve). 

 Conduction Mechanisms 

Fig. 5.9 (a) shows the typical I-V characteristic of a RRAM device based on hybrid 

materials of ZnO NRs and PDR1A. Bipolar resistive switching behaviour can be 
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seen, where the device SETs and RESETs in the positive and negative polarities of 

applied voltage, respectively. The device shows a pinched hysteresis loop, which 

represents the fingerprint of a memristor. The applied voltage was swept between 

‒3 V and 3 V with a compliance current of 10 mA to protect the device from 

breakdown during measurements. Initially, the device was in the HRS with the 

current gradually increasing for the applied voltage range between ‒3 V and 1.5 V. 

From 1.5 V to 3 V, the current increased rapidly and the device switched from the 

HRS to the LRS (SET process). The device remained in the LRS when the applied 

voltage was reversed. At ‒2.5 V, however, the current decreased and the device 

switched back to the HRS (RESET process).  

There are several conduction mechanisms can be suggested to interpret current 

transport in memristor devices based on binary metal oxides and insulators. The 

conduction of the hybrid organic-inorganic materials, however, is more 

complicated. Herein, the charge transport mechanisms responsible for the 

conduction in the ITO/ZnO NR/PDR1A/Al structure were investigated through the 

log-log plot of the I-V curve as illustrated in Fig. 5.9 (b). Five consecutive regimes 

of conduction on the log-log I-V curve were observed during the transition from the 

high resistance state to the low resistance state. This indicates that space charge 

limited current (SCLC) is the dominant conduction mechanism. This conduction 

mechanism will be discussed in chapter 7. 
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Figure 5.9: (a) Plot of a typical I-V curve showing bipolar resistive switching and 

(b) I-V curve fitting for a device consisting of ITO/ZnO/PDR1A/Al structure. The 

lines are fits to various transport models that are expected to occur in the transition 

from the high-resistance state (HRS) to the low-resistance state (LRS). 
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 Reliability 

To examine the reliability of the ZnO NR/PDR1A-based optical memristor device, 

two scenarios were used. The first was to repeat the I-V sweeps. Fig. 5.10 presents 

20 successive I-V sweeps were taken over the range of – 2.5 V to 2.5 V. It is 

apparent from this graph that the device exhibited good reliability, and no 

degradation was observed after 20 consecutive I-V sweeps. 

 

Figure 5.10: 20 successive I-V sweeps of an ITO/ZnO NR/PDR1A/Al device. 

The second scenario is based on data retention measurements, as shown in Fig. 5.11. 

The ON and OFF resistance states were tested under a constant applied voltage of 
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0.1 V for up to 5 h. The OFF/ON ratio of 3 remained almost the same and no 

significant degradation was observed during the time period of the test. As shown 

the device has exhibited a slight increase in the high resistance state after 103 s with 

some fluctuations after 104 s which can be attributed to the electrical stress and 

unstable contact between the probes and electrodes caused by movements and 

vibrations in the lab. This investigation shows that the ZnO NR/PDR1A-based 

resistive switching cells have a good data retention and have potential for 

nonvolatile memory applications. 

 

Figure 5.11: Data retention characteristics of ITO/ZnO NRs/PDR1A/Al memristor 

device measured at 0.1 V. 



 

 
 

136 CHAPTER FIVE 

 Reversible Optoelectronic Cycles 

Reversible optoelectronic cycling of the ITO/ZnO NR/PDR1A/Al resistive 

switching memory was investigated. This investigation was achieved by repeated 

irradiation of the device with 20 min cycles of circularly and linearly polarised light. 

Fig. 5.12 shows the typical optoelectronic response of the device resistance in the 

OFF state (black data) and the ON state (red data) as a function of time. The 

resistance of the LRS switched from approximately 5x103 Ω to 2x104 Ω upon 

irradiation with circularly polarised light and reverted back into its initial state by 

irradiation with linearly polarised light. Similarly, the resistance of HRS switched 

approximately from 3x104 Ω to 1x105 Ω upon irradiation with circularly polarised 

light and switched back into its initial value by irradiation with linearly polarised 

light.  

5.5 Neuromorphic Computing Applications 

Memristors can be used not only as a resistive switching cell for data storage but 

also in other potential applications like the neuromorphic computing systems. 

Memristors are two terminal devices that can behave as biological synapses. In 

biological systems, synapses in the brain “learn and function” by adapting to 

repeated signalling events and the regulation of the synaptic weight occurs through 

the ionic flow between each two neighbouring neurones (Hebbian theory) [189]. 

Similarly, memristors’ conductance or resistance for neuromorphic system 

applications can be incrementally modified by the charge or flux pass through a 

memristor device. Synaptic plasticity is a measure of this response over time and 
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involves either a weakening or strengthening of the synaptic connection. In 

memristors, this is akin to a measurement of the device resistance under an electrical 

pulses stimuli which lead to increase the device resistance in one direction and 

decrease it in another direction. 

 

Figure 5.12: Reversible optoelectronic cycles of the memristor resistance of the ON 

and OFF states during circularly and linearly polarised irradiation (180 mW/cm2) 

as a function of time. 

Here, besides the electrical stimulus, optical pulses were also utilised to investigate 

the ability to control the neuromorphic learning properties of ZnO NR/PDR1A-
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based memristor devices. Fig. 5.13 (a) shows the results of applying a series of 

electrical pulses on the synaptic strength of the device. Applying electrical pulses 

of 2 V with 50 ms pulse length incrementally increases the synapse conductance 

(potentiation), whereas applying electrical pulses of ‒2 V incrementally decreases 

the synapse conductance (depression). A similar effect was also achieved by 

applying a series of optical pulses of circularly and linearly polarised light as shown 

in Fig. 5.13 (b). The resistance of device was measured at a continued read voltage 

of 0.15 V with 2 min pulse length and 1 min separation time between pulses (2 min 

on and 1 min off). Circularly and linearly polarised Ar+ laser pulses of intensity 180 

mW/cm2 for 20 min each were used to induce the incremental potentiation and 

depression effect. The figure shows that repeated exposure to pulses of circularly 

polarised light followed by pulses of linearly polarised light caused firstly 

depression, as shown by a decrease in the conductance, and then potentiation, as 

indicated by an increase of conductance. Interestingly, the response of the device 

for electrical pulses seems to be linear for both the potentiation and depression, 

whereas, in the case of optical stimulation, depression is more highly non-linear 

than potentiation. This indicates that the device shows two different dynamical 

processes upon an external stimuli. The two dynamical processes provide a 

functionality for potential neuromorphic applications and non-volatile memory 

applications that need linear behaviour and non-linear behaviour, respectively. 

These results demonstrate that the synaptic plasticity of the memristor device can 

be modified by not only the electrical stimulus but also optical stimulus. 
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Figure 5.13: Classical habituation phenomenon controlled electrically (a) using 

voltage pulses of 2 V for potentiation and ‒2 V for depression with 50 ms pulse 

length, and optically (b) as demonstrated by the incremental increase (potentiation) 

and decrease (depression) of the conductance of the LRS state with repeated pulses 

of circularly polarised light (red) and linearly polarised (blue). 
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Spike-timing-dependent plasticity (STDP) is also a key tenet of Hebbian learning 

and has been shown to be linked with sensory perception, spatial reasoning, 

language and conscious thought in the neocortex. In STDP, learning and 

information storage is dependent upon the difference in arrival times of action 

potentials from neighbouring neurons, called pre-synaptic and post-synaptic spikes. 

The arrival of overlapping pulses can strengthen (potentiation) the synaptic weight 

if the pre-synaptic pulse arrives before post-synaptic pulse or weakening 

(depression) the synaptic weight if the post-synaptic pulse arrives before the pre-

synaptic pulse. In the case of memristors, the synaptic weight can be quantified by 

measuring the change in conductivity of the device [190]. 

 Optical modulation of the synaptic weight (∆G/G) of ITO/ZnO NR/PDR1A/Al 

resistive switching memory devices was investigated. The STDP of the memristor 

device before and after 10 and 20 minutes circularly polarised irradiation using an 

Ar+ laser (180 mW/cm2) is shown in Fig. 5.14. In this experiment, the STDP results 

are achieved by measuring the variation in memristor conductance (∆G/G) with 

different arrival times (∆t) of pre- and post-synaptic pulses. The parameters used in 

this experiment are a simple waveform (the shape of the voltage pulse used to 

simulate the action potentials is shown by the inset in Fig. 5.14),  reset voltage of ‒

2 V, 0.1 s reset pulse length, 3 V for the pre and post voltage pulses, and 0.15 V 

read voltage. The synaptic efficacy of the memristor is shifted due to the variation 

of PDR1A film thickness after irradiation. The results of this study provide insights 
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into the possibility to control the properties of the synaptic efficacy via optical 

means.  

 

Figure 5.14: Optical modulation of the STDP synaptic weight, before optical 

irradiation (black data), and after 10 min (blue data) and 20 min (red data) 

irradiation with circularly polarised light as shown by a shift in curves before and 

after optical irradiation. 

The lines are fits to the asymmetric Hebbian STDP learning rule [162,191] 
























0t if  eA

0t if  eA
w

t

t





/

/

                            (5.1) 



 

 
 

142 CHAPTER FIVE 

where w is the change in the synaptic weight, t is the time difference between 

the pre and post spikes, and A±, ± are parameters representing the amplitude of 

∆G/G and time constants, respectively. 

Long-term memory (LTM) state and short-term memory (STM) state and the 

transition from one state to another are essential features in synaptic device 

applications and can be linked with long-term plasticity (LTP) and short-term 

plasticity (STP), respectively. Although the LTM exhibits a long data retention time 

which is important for non-volatile memory applications, the STM (a short 

retention time of seconds or minutes) is also required to improve the flexibility of 

data storage and for deleting information that is no longer needed. In the following, 

we show how the optical memristor device can be used to control the lifetime of 

memory states, allowing short-term, medium-term and long-term (non-volatile) 

memory storage. In this experiment, the measurements were performed on the 

memristor device in the LRS by applying a read voltage pulse of 0.1 V and 1 s pulse 

width with 30 s separation between pulses. Fig. 5.15 illustrates three different 

scenarios were used to measure the retention time of the ITO/ZnO NR/PDR1A/Al 

memristor device. The first scenario represents the long-term memory (non-volatile) 

state of the memristor in the ON state without any optical irradiation (black data). 

In this case, there is no change in the resistance over the measured period of time. 

The second scenario demonstrates the medium-term memory state where the 

measurements were carried out after photoexpansion of the PDR1A film in the 

optical memristor by irradiation with a circularly polarised Ar+ laser for 30 min with 

180 mW/cm2 power. In this case, the LRS resistance decreased with time, over a 
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45 min time period. That is consistent with the slow thermal relaxation of the 

PDR1A material back to its original state (blue data). 

 

Figure 5.15: Optical modulation of memory retention as shown by the resistance of 

the LRS state, without irradiation (long-term), after irradiation with circularly 

polarised light and during thermal relaxation (medium-term) and after irradiation 

with circularly polarised light but during irradiation with linearly polarised light 

(short-term). 

The third scenario shows the short-term memory state. In this scenario, the same 

conditions were used to expand the PDR1A material and then the LRS resistance 
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was measured during 20 min irradiation with linearly polarised light in order to 

make the polymer to contract quicker than the thermal relaxation process (red data). 

These results confirmed that the memristor retention lifetime can be controlled and 

switched from LTM to STM by an optical stimulus using a specific wavelength and 

polarisation light.
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 Results: Gold Nanoparticles ‒ PDR1A 

Hybrid Devices  

In this chapter, the results from Au NP:PDR1A-based RRAM devices are reported. 

The chapter begins with results of a TEM study of the morphology of Au NPs 

within the PDR1A, as described in section 6.1. In section 6.2, EDX results of Au 

NPs and PDR1A films are reported. Section 6.3 reports the results of the variation 

of PDR1A film thickness (expansion and contraction) upon irradiation and thermal 

relaxation. The electrical and optoelectronic results as well as the conduction 

mechanism of ITO/Au NP:PDR1A/Al RRAM devices are demonstrated in section 

6.4. Section 6.5 shows the applications of the devices in neuromorphic computing 

applications. 

6.1 Transmission Electron Microscopy (TEM) 

The morphology of the thin film consisting of Au NPs mixed with PDR1A was 

investigated by TEM. A cross-sectional TEM image showing the Au NPs: PDR1A 

composite with a volume fraction of Rv*=~0.065% is shown in Fig. 6.1. The Au 

NP: PDR1A thin film was sandwiched between the bottom and top Al layers, which 

had thicknesses of 100 nm and 200 nm, respectively. The figure shows some bumps 

at the bottom resin/Al interface due to the roughness of the resin sample. Note that 

the deposition step of the two Al layers is essential to avoid any mixing between 

hybrid material and resin. Also, the presence of these two Al layers makes the 

hybrid Au NP: PDR1A thin film more clear. Moreover, in order to protect or to 
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minimize the Au NP: PDR1A thin film from damage which may occur during 

slicing, the sample was strengthened by encapsulation in resin.  

 

Figure 6.1: Cross-sectional TEM image of the Au NPs embedded within the 

optically active polymer PDR1A layer with a volume fraction of Rv*=~0.065% 

sandwiched between two layers of Al and encapsulated in resin. 

Fig. 6.2 shows a cross-sectional TEM image of the Au NP: PDR1A thin film 

deposited on a resin block substrate and sandwiched between Al layers. It can be 

seen that the nanoparticles do not have a homogeneous distribution in the polymer 

across the thin film, but instead form small agglomerations that are mostly situated 

at the top polymer/Al interface. The figure also shows that not all of the 
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nanoparticles have migrated to the top polymer/Al interface during the annealing 

process and that some remain in the bulk of the PDR1A material.  

 

Figure 6.2: Cross-sectional TEM image of the Au NP:PDR1A system prepared at 

a volume fraction of Rv*=~0.065% sandwiched between two layers of Al and 

encapsulation in resin block. The Au NPs have a poor homogeneous dispersion 

across the thin film and form predominantly agglomerates situated at the top 

polymer/Al interface. 

Further TEM investigations on different regions of the device show that in a very 

few places, the Au NPs form a partially conductive pathway or extended cluster 

across the thin film that almost connects the two Al layers, as shown in Fig. 6.3. 

The pathway is expected to be conductive since the nanoparticles are located close 
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enough together to permit inter-particle electron tunnelling and there are sufficient 

nanoparticles to permit a type of percolative transport from one electrode to another.  

It is unfeasible to cross-section and image the entire device, but based on the results 

we speculate that within a single device just a few pathways exist where a complete 

conductive pathway forms. The optical expansion of the PDR1A material causes 

these pathways to break which explains the large changes observed in the device 

resistance during optical irradiation. The observation of quantized conductance 

values during the expansion and contraction process supports the idea that there are 

just a few pathways present in the device. 

 

Figure 6.3: Cross-sectional TEM image of the Au NP:PDR1A thin film sandwiched 

between two layers of Al and encapsulation in resin block. Conductive pathways or 

extended clusters of Au NPs are formed in some regions of the film. 
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6.2 Energy Dispersive X-Ray Spectroscopy (EDX) 

To investigate the elemental composition of the nanocomposite thin film, energy 

dispersive x-ray spectroscopy (EDX) in the TEM was used. Fig. 6.4 shows the EDX 

spectra of the nanocomposite thin film prepared by deposition a mixture solution of 

Au NPs and PDR1A at a critical volume fraction of Rv*=~0.065%. 

 

Figure 6.4: EDX spectrum of Au NPs blended with the optically active polymer 

PDR1A. The TEM image shows the regions used for the EDX investigation. 
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The prepared thin film was also sandwiched in between two Al layers and 

encapsulated in resin. The EDX results were taken from two regions; from the 

hybrid Au NP:PDR1A thin film and at the polymer/Al interface as shown from the 

TEM image. The results reveal weak EDX signals in the hybrid film region where 

the Au NPs are dispersed in the polymer whereas strong signals at the interface 

region which confirm the agglomeration of Au NPs at the polymer/Al interface. 

The signal for Al originated from the deposited Al layer. The carbon and oxygen 

signals may come from the organic molecules of PDR1A. In addition, the presence 

of chlorine, zinc, and calcium signals in the EDX spectra may come from the 

contaminated diamond and tweezers used in slicing the samples. 

6.3 Expansion and Contraction of PDR1A Films 

The expansion effect in the PDR1A film thickness under optical irradiation was 

investigated using Bruker DektakXT profile system. In this experiment, the 

variations in the film thickness upon optical exposure were measured on a series of 

PDR1A polymer thin films spin-coated on a glass substrate. Fig. 6.5 illustrates the 

changes in the PDR1A film thickness as a result of irradiation for 2 h with circularly 

polarised Ar+ laser tuned to a wavelength of 514 nm and a power intensity of 180 

mW/cm2. From the graph, we can see that the film thickness of PDR1A polymer 

increases substantially from 200 nm to 237 nm. The expansion of the PDR1A thin 

film thickness is ~18% for the first 30 min and then is nearly constant for the 

remaining irradiation period of time. It is worth mentioning that the thickness of the 

PDR1A thin film is unchanged after 30 min exposure time while its colour started 
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to change from red to white. This indicates that the long exposure time could cause 

a saturation or even damage the PDR1A thin film. 

 

Figure 6.5: The increase of the PDR1A film thickness upon irradiation with a 

circularly polarised Ar+ laser (514 nm, 180 mW/cm2). 

The contraction effect in the PDR1A film was also studied in two scenarios. This 

experiment was achieved using an initial expanded PDR1A thin film. The first 

scenario was based on the thermal relaxation of the PDR1A film at room 

temperature for 3 h, as shown in Fig. 6.6 (blue curve). The result shows that the 

film thickness decreases from 237 nm to 207 nm after 120 min and remains almost 

at this thickness for the remaining relaxation time. The second scenario, however, 

was carried out by optical means. In this scenario, the PDR1A thin film was 
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returned to its initial thickness by irradiation with linearly polarised light of an Ar+ 

laser (514 nm, 180 mW/cm2) for 20 min, see Fig. 6.6 (red curve). What is interesting 

about the forced relaxation is the contraction process is a factor of 6 times faster 

than the thermal relaxation approach. 

 

Figure 6.6: The relaxation of the PDR1A film thickness thermally (blue curve) at 

room temperature, and optically (red curve) upon irradiation with a linearly 

polarised Ar+ laser (514 nm, 180 mW/cm2). 
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6.4 Electrical Characterization and Optical Modulation 

 Conductivity Measurements 

The electrical conductivity of insulators can be modulated by adding some fillers, 

e.g. metal nanoparticles to form nanocomposites. In this work, the electrical 

conductivity of the ITO/Au NP:PDR1A/Al resistive memory as a function of the 

Au NPs content at room temperature was studied. Fig. 6.7 shows a considerable 

dependence of electrical conductivity of the Au NPs and PDR1A composite on the 

Au NP concentration. 

 

Figure 6.7: Conductivity versus volume function of Au NPs concentration in an 

optically active PDR1A polymer. A large enhancement in the electrical conductivity 

of the system takes place at a critical Au NP content (Rv*=~0.065%), representing 

the creation of conductive pathways between the two electrodes.  
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 The conductivity was measured at 0.3 V. It can be clearly observed that the 

conductivity is insignificant at low concentration of Au NPs, region I, in which the 

system behaves as an insulator. On the other hand, a further increase in the Au NPs 

concentration and especially at the critical volume fraction of Rv*= ~ 0.065% 

results in a large enhancement of the electrical conductivity of the system of more 

than 3 orders of magnitude, region II. Note, the device prepared at the critical 

volume fraction of Rv*= ~ 0.065% will be named as sample A. However, the 

conductivity of the nanocomposite slowly increases with increasing the 

concentration of the Au NPs above the critical volume fraction, region III. 

The optoelectronic response of the hybrid memristor device (sample A) was also 

investigated. Fig. 6.8 illustrates the change of the device’s conductivity upon optical 

irradiation using Ar+ ion laser tuned to 514 nm with a power intensity of 180 

mW/cm2. As shown from the graph, the device’s conductivity decreases of about 3 

orders of magnitude (red arrow) as a result of 30 min irradiation with circularly 

polarised light. In contrast, the device can be switched back into its initial 

conductivity state by irradiation with linearly polarised light for 15 min (blue arrow). 

The figure also shows a small reversible change in the electrical conductivity of a 

device that contains no Au NPs (only PDR1A) upon irradiation with circularly and 

linearly polarised light. 



 

 
 

155 CHAPTER SIX 

 

Figure 6.8: Changes in the device conductivity as a result of irradiation with 

circularly (30 min) and linearly (15 min) polarised Ar+ laser. 

The repeatability of the optoelectronic response of the Au NP:PDR1A device 

(sample A) was examined as well, as shown in Fig. 6.9. The device shows a 

significant and repeatable decrease and increase in its electrical conductivity upon 

optical irradiation with circularly and linearly polarised light, respectively. These 

results suggest that the device conductivity can be cycled several times between the 

ON and OFF states by changing the PDR1A film thickness upon irradiation that 

causes a rupture and re-connection of the conductive pathways of Au NP between 

the two electrodes. 
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Figure 6.9: Cycled optoelectronic response showing the changing of the device 

conductivity during irradiation with circularly for 30 min (blue points) and linearly 

for 15 min (red points) polarised Ar+ laser. The black point shows the initial (fresh) 

device conductivity state (before irradiation).  

To further investigate the expansion/contraction effect of the PDR1A film thickness 

during optical irradiation on the device conductivity, a transient conductivity 

measurement at room temperature was performed. Fig. 6.10 presents the transient 

conductivity results for sample A obtained from successive optical irradiation with 

circularly and linearly polarised light. The conductivity of the device before and 

after irradiation is almost constant. Nonetheless, the device conductivity decreases 

and increases during optical exposure with circularly and linearly polarised light, 
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respectively. Also, a plateau region is apparent, in which the conductivity of the 

device is still the same for the time period between 1100 s and 2700 s.  The results 

clearly suggest that the expansion and contraction of the PDR1A film thickness 

upon optical irradiation cause the rupturing and re-connection of the conductive 

pathways. 

 

Figure 6.10: Conductivity transient during optical irradiation with circularly 

polarised light for 30 min and then linearly polarised light for 15 min. 
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 Current ‒ Voltage Characteristics 

The electrical characterization of the novel resistive memory devices is presented 

in the following section. These devices with an ITO/Au NP: PDR1A/Al structure 

were fabricated by embedding the gold nanoparticles in the optically active PDR1A 

polymer. It was found that electroforming processes are not needed to activate 

switching in these devices. Fig. 6.11 shows the I-V curves of several devices 

prepared with different concentrations of Au NPs. These I-V curves were obtained 

by sweeping the device between -1V and 1V with a compliance current of  

 

Figure 6.11: Current-Voltage characteristics of the optical memristor devices with 

an ITO/Au NPs: PDR1A/Al configuration prepared at different Au NPs loading. 
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10 mA to prevent device breakdown. In this experiment, the voltage was applied to 

the top electrode of Al whereas the bottom electrode of ITO was grounded. From 

the graph, the conduction behaviour of these devices shows a strong dependence on 

the nanoparticle concentration. The graph indicates that resistive switching does not 

occur at either low or high nanoparticle loading, since in the insulating regime 

charge injection is limited as there are few nanoparticles for charge storage, whereas 

in the highly conducting regime, charge cannot be stored since it is easily drained 

away through the conducting material. Instead, resistive switching occurs between 

these two extreme values and the resistance OFF/ON maximum ratio coincides with 

the critical volume fraction, Rv* (sample A). It should be noted that the SET voltage 

of these devices decreases with increasing the content of Au NPs due to the increase 

of electrical conductivity of nanocomposite films as shown in Fig. 6.12. The 

increased electrical conductivity may be induced by increasing the number of 

conductive filaments within the PDR1A film. 

Turning now to investigate the effect of optical irradiation on the resistive switching 

behaviour of hybrid material RRAM device. In this investigation, sample A was 

used due to its typical bipolar resistive switching and a significant ON/OFF ratio, 

as reported in Fig.6.11. Fig. 6.13 illustrates the I-V sweeps of the device which were 

taken before irradiation (black curve), after 30 min irradiation with circularly 

polarised light, (red curve), and after forced relaxation using linearly polarised light 

for 15 min, (blue curve). As a fresh device, the HRS is initially observed when the 

device is swept from negative to positive applied voltage. The current increases 
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with the applied voltage and then an abrupt switching from the HRS to the LRS was 

observed at a SET voltage of 0.6 V. The device remains in the LRS state while 

sweeping the device back from the positive to a negative voltage and then switches 

back to the HRS state at ‒ 0.6 V, RESET process. 

 

Figure 6.12: VSET versus volume function of Au NPs concentration in an optically 

active PDR1A polymer. 

 Interestingly, a 30 min optical exposure of the device to circularly polarised light 

results in a considerable increase in the resistive switching behaviour. The 

resistance in the ON state before and after irradiation remains the same in the 

positive voltage region of the I-V sweep, but increases in the negative region of the 

I-V sweep. However, the photoexpansion of the PDR1A film thickness causes a 



 

 
 

161 CHAPTER SIX 

large increase in the resistance of the HRS state, increasing the ON/OFF ratio by 

three orders of magnitude with sudden SET and RESET processes at about 0.7 V 

and ‒ 0.9 V, respectively. 

 

Figure 6.13: The effect of irradiation on the switching behaviour of the Au 

NP:PDR1A optical memristor device (sample A). Sweeps were taken before 

irradiation, (black curve), after 30 min irradiation with circularly polarised light, 

(red curve), after 15 min irradiation with linearly polarised light, (blue curve). 

On the other hand, the photocontraction effect in the PDR1A film thickness takes 

place when the device exposure to the linearly polarised light for 15 min. 

Consequently, the device shows a full return into its initial ON resistance value but 

the OFF resistance state remains higher than the initial value. 
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In order to examine whether the change in device resistance and the increase of the 

ON/OFF ratio is due to the effect of photoexpansion and photocontraction upon 

optical irradiation and nothing else, a control device consisting of only a PDR1A 

layer sandwiched between the ITO bottom electrode and the Al top electrode was 

tested under the same conditions. Fig. 6.14 shows the effect of optical irradiation 

on the device conductivity and switching behaviour of a control device (no Au NPs).  

 

Figure 6.14: I-V characteristics of a control device with an ITO/PDR1A/Al 

structure presenting the change in the device current as a result of optical 

irradiation with circularly (red curve) and linearly (blue curve) polarised light. 
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The figure shows that the device conductivity decreases and then shifts back to its 

original value as a result of successive irradiation with circularly polarised light for 

30 min and linearly polarised light for 15 min, respectively. Nevertheless, there is 

no change in the switching behaviour before and after irradiation. The results of this 

figure clearly suggest that the change in the device conductivity is due to the 

photomechanical effect in the PDR1A which occurs during the optical irradiation. 

 Conduction Mechanism 

In this section, the conduction mechanism of an ITO/Au NP:PDR1A/Al resistive 

memory device (sample A) is presented. Before explaining the conduction 

mechanism, it is necessary to elucidate the resistive switching characteristics. The 

I-V curve of this device, Fig. 6.15 (a), (the same I-V sweep in Fig. 6.11), clearly 

demonstrates hysteresis loop, a fingerprint of the resistive memory devices. In 

addition, the device showed a large separation between ON and OFF states of more 

than two orders of magnitude. Initially, the device was in the OFF state for the 

applied voltage range between  ̶ 1 V and 0.7 V. Once the applied voltage reached 

0.8 V the current increased suddenly, switching the device from the HRS state to 

the LRS state, SET process. If the applied voltage is switched off, the device will 

remain in the LRS state. The device remained in the LRS state until the reversed 

applied voltage reached to  ̶  0.6 V, the RESET process took place, switching the 

device back to its initial HRS state.  



 

 
 

164 CHAPTER SIX 

 

Figure 6.15: (a) A linear plot of the typical I-V curve showing bipolar resistive 

switching and (b) the I-V characteristics plotted in the log-log scale for sample A, 

with SCLC fits. 
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To identify the conduction mechanism of the device the data were fitted by plotting 

the positive part of the I-V curve on a log-log scale as shown in Fig. 6.15 (b). It 

seems that the switching mechanism is dominated by the space charge limited 

current (SCLC) conduction in which three main regions for the fitted I-V curve can 

be clearly seen. 

Previous work has found that Al metal atoms can diffuse into the organic layer 

during evaporation of the top metal electrodes [9,192–194]. These atoms can act as  

trapping sites or can form conductive filaments within the organic layer that affect 

the resistive switching properties. To investigate this possibility in our devices, we 

investigated devices that contained only the insulating polymer, PDR1A or PMMA. 

We also investigated whether there were any differences in switching with Au or 

Al electrodes. We found no resistive switching occurred in devices containing just 

the polymer, PDR1A or PMMA, which indicates that there is no significant 

diffusion of atoms from the electrodes into the polymer. In the case of devices with 

different metal electrodes, Fig. 6.16 shows a comparison between two devices with 

Al and Au top electrodes. The results show that there is no effect on the resistive 

switching properties by changing the top electrode. The two curves do show some 

slightly differences in the set voltages and the shape of the hysteresis loops but this 

was not systematically observed. 
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Figure 6.16: I-V characteristics of the optical memristor (sample A), with Al and 

Au top electrodes for a comparison. 

Further, the resistive switching for three device sizes was investigated to identify 

whether the resistive switching is filamentary dependent or size (interface) 

dependent. Fig. 6.17 shows the I-V characteristics of the optical resistive switching 

device (sample A) with three different contact diameters: 100 µm, 200 µm, and 400 

µm. The ON current for the 100 µm and 200 µm device sizes is higher than the 400 

µm device size, whereas the OFF current for the 200 µm and 400 µm device sizes 

is lower than the 100 device size. The graph therefore demonstrates no obvious 

trend in the magnitude of the ON and OFF currents with electrode size, indicating 

that there is no dependency of the resistive switching on the device size. It is 

therefore unlikely that the switching in these devices is size dependent because the 
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resistance for both the HRS and LRS states do not decrease with increasing the 

device size. This suggests that resistive switching in the device is filamentary-based 

instead of an interface based mechanism. A more complete study down to much 

smaller electrode areas (1 m) would be however needed to clarify this result with 

greater certainty.  

 

Figure 6.17: I-V characteristics of the optical memristor (sample A), with three 

different device sizes. 

 Reversible Optoelectronic Characteristics 

The optoelectronic characteristics of an ITO/Au NP: PDR1A/Al resistive memory 

device (sample A) were carried out to test the reproducibility of the device 

performance during the repeated optical irradiation cycles. The optoelectronic 
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response represented by the current of the device as a function of time is shown in 

Fig. 6.18. This investigation was based on successive I-V sweeps (five min between 

each sweep) during repeated irradiation cycles for 20 min with circularly and 

linearly polarised light. The device was swept between ‒1 V and 1 V with a current 

limit of 10 mA. The current at V = 0.3 V was extracted from these I-V sweeps and 

plotted to get the points for the LRS (ON state) and the HRS (OFF state) state. No 

significant change is apparent in the ON state of the device.  

 

Figure 6.18: Reversible optoelectronic cycles of the memristor device as a function 

of time, showing the ON and OFF state current during illumination with circularly 

and linearly polarised light. 
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However, the OFF state current varies upon optical exposure cycles. The periodicity 

of the variation matches that of the cycling of the circularly polarised and linearly 

polarised irradiation. This small change in the ON state can be attributed to the 

existence of a large number of conductive pathways which drain the charge away. 

In contrast, the large response of the device in the OFF state may be due to the fact 

that the number of the conductive pathways is much lower which makes the 

probability of charge storage by the Au NPs larger. The results clearly show the 

ability to modulate the electronic properties of the resistive memory device 

optically with a high degree of reproducibility. 

6.5 Neuromorphic Computing Applications 

One of the most important potential applications of memristor devices is the 

simulation of synapses in synaptic networks. Here, the possibility to optically 

modify the behaviour of a memristor as an artificial synaptic device will be 

examined. In this study, the memristor device (sample A) with an ITO/Au NP: 

PDR1A/Al structure was used. Fig.6.19 demonstrates the potentiation and 

depression induced via electrical and optical pulses. Fig. 6.19 (a) shows the 

incremental increase (potentiation) and decrease (depression) of conductance 

obtained when the synapse was programmed by a series of voltage pulses of ±1 V 

with 50 ms pulse width and read voltage of 0.1 V.  In Fig. 6.19 (b), the potentiation 

and depression induced by optical pulses is shown. The data in this figure were 

obtained by measuring the current continuously at a constant reading voltage of 0.1 

V during successive optical pulses. The synapse was  programmed by a series of 15  
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Figure 6.19: Memristor synapse response to (a) electronic pulses of ±1 V with 50 

ms pulse width, and (b) optical programming pulses with 2 min pulse width, both 

showing incremental increase (depression) and decrease (potentiation) effects. 
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optical pulses (2 min on and 1 min off), (depression), followed by a series of 10 

optical pulses (2 min on and 1 min off), (potentiation), using circularly and linearly 

polarised Ar + laser light, respectively. It is apparent from the graph that the synapse 

conductance before illumination is almost constant with time. However, the 

circularly polarised optical pulses cause an expansion of the PDR1A film thickness, 

as expected from the photoisomerization effect. This effect leads to breakage the 

conductive pathways and results in a sharp decrease in the device conductance of 

more than two orders of magnitude. Conversely, the device shows the opposite 

response when linearly polarised light pulses were applied. It is interesting to note 

that the device returned back to its original conductance value with some jumps in 

the conductance during the applied optical pulses. These results suggest a clear 

correlation between the breaking/re-connection of filamentary pathways and the 

decrease/increase of device conductance upon irradiation. In addition, these results 

suggest that the conductance of the memristor synapse can be entirely modulated 

by the optical stimulus. 

Another significant concept of synaptic learning rule is Spike-Timing-Dependent-

Plasticity (STDP). STDP relies on the differences in the arrival times of the pre-

synaptic and post-synaptic spikes. Potentiation of the synaptic weight occurs when 

the pre-synaptic spike arrives before the post-synaptic spike. Whilst the depression 

will take place if the pre-synaptic spike arrives after the post-synaptic spike. The 

synaptic weight of the memristor ̋synapsȅ can be determined by measuring the 
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device conductance change (∆G/G). Fig.6.20 presents the STDP behaviour of 

sample A before and after 30 min illumination with circularly polarised light.  

 

Figure 6.20: Optical modulation of the STDP of the ITO/Au NP:PDR1A/Al 

memristor synapse, before irradiation, (black curve), and after 30 min irradiation 

with circularly polarised light, (red curve). The lines are fits to the asymmetric 

Hebbian STDP learning rule. 

The lines are fits to the asymmetric Hebbian STDP learning rule [162,191] 
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where w is the change in the synaptic weight, t is the time difference between 

the pre and post spikes, and A±, ± are parameters representing the amplitude of 

∆G/G and time constants, respectively. 

When the memristor is exposed to the circularly polarised Ar+ laser for 30 min, a 

significant change in the synaptic weight (∆G/G) was observed, as shown by a 

difference of ~25 between the maximum value of the red and black curves at ∆T = 

0.125 s. It is therefore likely that such connection exists between the change in the 

synaptic weight (∆G/G) and the variation in the PDR1A film thickness induced by 

the optical stimulus.  

Lastly, the optical control of the retention time of sample A was investigated. Fig. 

6.21 shows how optical illumination can be used to control the retention time of the 

resistive switching memory state, enabling three different types of memory state. A 

long-term memory (non-volatile) state is shown for the LRS state where the 

resistance of the device is unchanged over the period of the test. This involves 

normal operation of the device using electrical means (pulsing) only. The device 

can be switched between the HRS and LRS state and the operation is non-volatile. 

A medium-term memory state can made by irradiating the LRS state with circularly 

polarized light. With this operation, the device is switched to a new resistive state 

but the storage is not permanent since over time the device resistance reverts back 

to its original state via a thermal relaxation mechanism. A short-term memory state 

can also be made by first irradiating the LRS state with circularly polarized light, 

to set the state, followed by irradiation with linearly polarized light. In this case, the 
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initial stored state reverts back to its original state with a much quicker rate (~5 

times faster) than via the thermal relaxation process. What is interesting from this 

investigation is the jumps in the resistance of the medium-term and short-term 

memory which can support the idea of rupture and re-connection of individual 

conductive pathways as a result of thermal relaxation and forced relaxation of the 

PDR1A film. 

 

Figure 6.21: Modulation of memory retention time of a resistive memory with an 

ITO/Au NPs: PDR1A/Al configuration showing the resistance change during 

optical relaxation (red data), and thermal relaxation (blue data). The device also 

shows non-volatile behaviour (black data) where the device resistance remains 

almost constant.
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 Discussion 

In this chapter, the results reported in the previous two chapters are discussed. The 

chapter is divided into three main sections. Section 7.1 and 7.2 discuss the results 

of the ZnO NRs and Au NPs optical memristor devices, respectively. The 

application of both types of devices in neuromorphic computing systems is 

discussed in section 7.3. 

7.1  ZnO NR Based Devices 

 Morphology of ZnO NRs and PDR1A 

The SEM images, Fig. 5.1, of ZnO NRs which were produced by the microwave-

assisted hydrothermal technique, indicate that the structure of ZnO NRs is uniform 

with a high packing density over all the substrate. The hexagonal structure and 

vertical alignment of ZnO NRs can be distinguished clearly from the top view and 

tilted SEM images respectively. In addition, the ZnO NRs possess strong adhesion 

with the substrate: there is no individual NRs that were separated and grown in 

different directions on the surface of the substrate. This high quality of ZnO NRs 

can be attributed to the good quality of the nucleation seed layer. The seed layer 

and annealing process play an important role in morphology, vertical growth, 

crystallinity and adhesion of ZnO NRs. It is observed that the seed layer formed by 

spin coating of the seed solution three successive times with annealing at 350°C 

after each spin coating produces a high density and vertically aligned ZnO NRs. 

The effect of no annealing and annealing at different temperatures of the seed layer 
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on the ZnO NRs structure was also investigated (the results are not shown here). 

The results of this investigation showed that the ZnO NRs grown with no annealing 

of the seed layer or with annealing at temperatures lower than 150°C produce low 

packing density and randomly oriented ZnO NRs. These results seem to be 

consistent with other research, which found that the annealing process at high 

temperatures (150-350°C) is needed for high-quality structure and alignment of 

ZnO NRs [181]. 

Fig. 5.1 (c) indicates that the spin-coating and annealing process used to deposit the 

PDR1A material on top of the ZnO nanorods causes an infiltration of the polymer 

material into the gaps between NRs, as shown by the undulation of the PDR1A top 

surface. Moreover, the PDR1A thin film covers all of the tips of NRs, reducing the 

possibility of direct-short circuits between the ends of the nanorods and the top 

metal electrode.  

 UV-VIS Spectra of ZnO NRs and PDR1A 

The optical properties of ZnO NRs and PDR1A films were investigated by UV-Vis 

spectroscopy, as reported in Figures 5.2 and 5.3. As-prepared ZnO NRs thin films 

on glass show a wide absorption band covering the visible and ultraviolet regions 

with an exciton peak centred at 370 nm. The most interesting finding in the UV-Vis 

spectroscopy investigation was no other peaks are detected in the broad spectrum. 

This may be explained by the fact that the thin film is ZnO material. This finding is 
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in good agreement with the absorption peak of ZnO NRs which fabricated by other 

researchers [188,195]. 

The absorption spectrum of the as-prepared PDR1A thin film deposited on a glass 

substrate is shown in Fig. 5.3. Azobenzene molecules show a range of electronic 

absorption spectra from the ultraviolet region to the red visible region. This broad 

absorption spectrum can be limited to a specific spectrum region by ring 

substitutions, such as amino and nitro groups [177]. It is worth mentioning that 

PDR1A is a type of pseudo-stilbene azobenzene molecule which has an electron 

donor and acceptor substitutions (amino and nitro groups) at the 4 and 4´ positions. 

The UV-Vis spectroscopy results show that the absorption spectrum of PDR1A thin 

film has a wide band at 460 nm. The observed absorption peak could be attributed 

to the amino and nitro substitutions which have a significant influence on the energy 

of π→π* and n→π* transitions. As reported by others [196,197], introducing 

electron-donating/electron-withdrawing or push/pull substitutions at the 4 and 4´ 

positions resulted in long wavelength absorption spectra with overlapping of the 

π→π* and n→π* transitions. It is found that the two energy transitions occurred in 

the UV-Vis region, due to the excitation of a delocalized π-electron of the N-N 

double bond and the excitation of an electron localized on one of the nitrogen atoms, 

respectively [198]. In the case of unsubstituted azobenzene molecules, the π→π* 

transition in the UV region dominates at ambient conditions for the trans isomer 

whereas the n→π* transition shows low intensity for the cis isomer. However, the 

absorption spectra can be tuned between UV and visible (green) regions by 
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substituting the azobenzene molecules with electron-donating and/or accepting 

units. For PDR1A, the push/pull units of pseudo stilbenes allows asymmetric 

electron distribution, overlapping the two π→π* and n→π* band transitions, and as 

a result shifts the absorption spectra from the UV region to the long wavelength 

visible region.  

 Expansion and Contraction of PDR1A Films 

Expansion and contraction of azobenzene polymers upon irradiation with different 

polarities of incident light and exposure time have been previously reported [179]. 

For example, the film thickness of PDR1A polymer was observed to increase by 

17% with exposure to 488 nm wavelength light [179]. This photoexpansion is 

attributed to an accumulation of the PDR1A chromophores with an out of plane 

alignment. Upon irradiation with wavelength and polarization specific light the 

PDR1A molecules undergo a trans–cis photochemical isomerization. However, due 

to the overlap of the two absorption bands for the trans–cis and cis–trans transitions, 

trans–cis–trans cycling occurs, which means the molecule switches from one state 

to another and then back to the original state. This  repetitive cycling is expected to 

play a central role in the process of aligning chromophores. Circularly polarised 

light prevents the orientation of the chromophores perpendicular to the direction of 

the beam (since all orientated azobenzene groups are activated) but tends to align 

the chromophores in the direction of the beam (since they become inert to the light). 

In the case of linearly polarised light, the chromophores tend to align in the direction 

perpendicular to the polarization of the beam as only those molecules that have a 
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dipolar component along the laser polarization will be photoisomerized. In the 

former case, as the laser beam is perpendicular to the thin film, the chromophores 

tend to become oriented in the out-of-plane direction, causing an expansion of the 

thin film, whilst in the latter case, the orientation of the chromophores in-plane 

causes a reduction in film thickness. 

In this work, the film thickness of PDR1A was similarly shown to be modifiable by 

light. In typical experiments, Fig 5.5, it was found the thin-film thickness increases 

by 30% upon exposure to circularly polarised light. After 30 min irradiation, the 

PDR1A film thickness remains unchanged, which indicates that the vast majority 

of the chromophores that are able to rotate have rotated.  

PDR1A thin films in their expanded state could also be contracted close to their 

original state by either turning off the laser light or by exposing the polymer to 

linearly polarised light, as shown in Fig. 5.6. Interestingly, the forced relaxation is 

faster than thermal relaxation by a factor of 8. This has important application in 

artificial neural networks since the effect can be used to provide long-term and 

short-term memory behaviour. The contraction effect can be explained by the 

conversion of cis-rich isomers into the trans isomers, which rearranges the 

azobenzene chromophores into their original states. 
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 Electrical Measurements and Optical Modulation 

7.1.4.1 Current-Voltage Characteristics 

In this study, we investigated the effect of the photoisomerization process in 

PDR1A films on the electronic properties of ITO/ZnO NR/PDR1A/Al memristor 

devices. This investigation reveals that the electronic properties of memristor 

devices are variable and tunable by irradiation with a specific wavelength and 

polarisation. The sections below discuss the electronic properties of memristors and 

how they can be modified via optical irradiation. 

To begin with, as reported in Fig. 5.5, the PDR1A thin film exhibits an increase in 

its thickness upon irradiation with circularly polarised light at λ = 514 nm. As a 

result, the resistance of optical memristor device increases, as shown in Fig. 5.7. 

The resistance in both states (HRS and LRS) increases and the current shifts down 

from 2x10˗3 A before irradiation to 6.2x10˗4 A after 20 min irradiation Fig. 5.7 (a), 

and from 1x10˗3 before irradiation to 1.8x10˗4 A after 20 min irradiation, Fig. 5.7 

(b). It should also be noted that the ROFF/RON ratio increases after irradiation from 

approximately 4 to 7. These results are likely to be related to the additional 

resistance caused by photoexpansion of PDR1A film. Nevertheless, due to the 

reversible behaviour of the isomerization process, the PDR1A thin film can revert 

back into its original thickness either by thermal or forced relaxation under 

irradiation. Indeed, the results of Fig. 5.7 (a and b) show that the devices switch 

back to initial resistances when the devices are left to relax thermally for 2 h at room 

temperature or by forced relaxation under irradiation with linearly polarised light 
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for 15 min. The results indicate the expansion or contraction of the polymer by 

irradiation with light shifts the entire hysteresis loop to either lower or higher 

current, respectively, without significant changes in either the shape of the curve or 

the threshold switching voltage. This suggests that the expansion/contraction 

process of PDR1A film affects only the conduction between the ZnO nanorods and 

the top metal electrode, and that the change in path length is the predominant reason 

why the conductance shifts to higher or lower values. 

In order to investigate the effect of optical irradiation on the charge carriers 

localised in defect states of ZnO NR thin films, the I-V characteristics were 

measured in dark and during irradiation with circularly polarised light. In this 

investigation, a control device consisting of the ITO/ZnO NRs/Al structure was 

used. It was found that a small increase in photocurrent occurs in ZnO upon 

irradiation because of the photoexcitation of charge carriers localised in defect 

states [199]. However, the observed photoresponse in our device is small. Further, 

the current increased upon irradiation whereas it decreased for the devices 

comprising ZnO NRs and PDR1A. The measured change was less than 5%, in 

contrast with the change of about 1 order of magnitude current decreasing observed 

in the devices with a ITO/ZnO NR/PDR1A/Al structure. Therefore, this study 

indicates that the photoexcitation of trapped charge carriers in ZnO NRs film has 

no considerable effect in these device measurements. 
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7.1.4.2 Role of the PDR1A Film in the Electrical Switching Properties 

We turn now to the role of the insulating PDR1A film in the resistive switching of 

the memristor devices. As reported in Fig. 5.8, the device consisting of just the ZnO 

NR film (i.e. no polymer layer) sandwiched between the ITO and Al electrodes 

shows bistable switching and high conductivity, which is not desirable for memory 

applications that operate at low power. Replacement of the ZnO NRs films with just 

a thin film of PDR1A instead produced very low conductivity and negligible 

hysteresis between the HRS and LRS. However, the hybrid memristor device 

containing both the ZnO NR and PDR1A materials shows clear bipolar switching 

behaviour with relatively small power use. The addition of a PDR1A film deposited 

between the ZnO NRs and Al increases the resistance of both the ON and OFF 

states and also increasing the ROFF/RON ratio. It is difficult to explain this 

enhancement in the RON/ROFF ratio, but it might be explained by introducing a large 

number of charge trapping centres in the PDR1A film which enhance the resistance 

contrast [45]. The enhancement of resistance contrast could also be attributed to the 

generation of local internal electric fields in the PDR1A film [41]. Increasing the 

PDR1A film thickness upon illumination may increase the possibility of capturing 

the injected carriers by traps in PDR1A film as well as the ZnO film which leads to 

a high electric field in the PDR1A film. As a result, conductive filaments of fully 

occupied traps can be formed in the PDR1A, and that could increase the resistance 

contrast. Additionally, the deposition of PDR1A film can also inhibit the short 

circuits between the ITO and Al electrodes that can be formed through the 
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penetrating of Al material between the gaps in the ZnO NRs film during the 

evaporation process of Al top electrodes. 

 Some studies have shown that interdiffusion of metal atoms into the organic layer 

either during the deposition of the top metal electrode or upon application of a 

potential can modulate the switching directly (e.g. filament formation) or affect the 

resistive switching properties [9,192–194]. They found the interdiffusion of gold 

atoms to the organic layer generally occurs at low deposition rate of 0.35 Å/min 

and substrate temperature of 70 °C [200]. Studies of this nature were not conducted 

in this thesis, but we found no evidence of this in our work since devices with only 

a PMMA or PDR1A layer exhibited no switching, in contrast to others who 

observed a diffusion of Al atoms [193] and Ag atoms [201] into the organic layers. 

They found that the resistive switching properties, e.g. the forming step and the 

resistivity of HRS are dependent on the presence and nature of these metal atoms. 

In the case of our devices, we found no difference in switching properties when 

either Au or Al electrodes were used. 

7.1.4.3 Conduction Mechanism 

Generally, bipolar resistive switching has been reported in memristor devices based 

on ZnO thin films and nanowires [19,72]. Resistance switching in these systems is 

explained by the formation and rupture of conductive filament bridges formed 

through redox reactions and the movement of oxygen vacancies. Bipolar resistive 

switching has also been observed in memristor devices consisting of organic-
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inorganic composites, such as ZnO nanorods embedded within PMMA [55], and 

ZnO nanoparticles mixed with PMMA [202]. Switching in the ZnO NP:PMMA 

matrix-based devices has been attributed to a charging effect involving the 

enhancement/reduction of an internal electrical field. However, the observed 

resistive switching in the ZnO NR/PMMA based resistive memory devices was 

explained by the migration of oxygen vacancies and/or zinc interstitials along the 

surface of the nanorods, since the mobility of defects is generally expected to be 

much higher at surface and grain boundaries than in the bulk [203]. In the case of 

ZnO NP:PMMA hybrid devices, an abrupt switching from SET to RESET and vice 

versa with a high ON/OFF ratio was observed. In contrast, a complex transition 

from HRS to LRS was demonstrated in the case of ZnO NR/PMMA-based hybrid 

devices. Similarly, our hybrid memristor devices containing ZnO NR/PDR1A also 

show a complex transition between ON and OFF states and switch at low bias as 

demonstrated in Fig. 5.9 (a). In addition, no forming step is needed to initiate 

switching. This could be attributed to the large abundance of pre-existing oxygen 

vacancies in the ZnO [204]. 

To identify the conduction mechanisms of the ITO/ZnO NR/PDR1A/Al devices, 

the I-V curve in Fig. 5.9 (a) was replotted in the log I versus log V scale (Fig. 5.9 

(b)). The log-log curve fitting shows five distinct regions, which describe the 

conduction mechanisms in the HRS and LRS.  In the case of the HRS, the charge 

transport follows Ohmic conduction in the voltage region from 0 to V ≤ 0.3. This 

region shows linear behaviour, and a small current passes through the device, with 
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a dependence on V of I∝Vα,with α ≈ 1.1. Conduction in this region is dominated 

by free charge carriers which are thermally generated. The voltage regions 

following this, however, exhibit nonlinear conduction at higher voltages. Charge 

transport in device in the region of 0.3 ≤ V ≤ 1.0 can be described by trap-controlled 

space charge limited conduction (TC-SLCLC) with a gradual increase in current, 

and this is referred as a Mott-Gurney region, I∝V2. This is because the increase of 

applied potential increases the density of free charge carriers injected over the 

metal/ZnO Schottky barrier. This region can be described by the Mott-Gurney law 

[139], as given by: 
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                                           (7.1) 

where J is the current density, ε is the dielectric constant, μ is the free carrier 

mobility, V is the applied voltage, and d is the insulator/metal oxide layer (thin film) 

thickness. 

In the region of 1.0 ≤ V ≤ 2.0, trap filling commences and there is a shift to a much 

steeper rate of current increase having I∝Vα, where α ≈ 4.1. This could represent 

the filling of trap states with energy below the LUMO level and the transition point 

at ≈ 2.0 V would indicate that all traps are filled with transport changing to a new 

regime, having I∝V2 over the region of 2.0 ≤ V ≤ 3.0. Conduction in this region can 

be ascribed to trap-filled space charge limited conduction (TF-SCLC). However, in 

the case of the LRS, the conduction mechanism is completely dominated by Ohmic 

conduction for the return voltage region from 3 V to 0 V. This region shows linear 
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behaviour with I∝Vα, α ≈ 1.2. No change in slope is seen over all the positive 

voltage regime, which means that the trapped charges have long lifetime and need 

a high negative voltage to be removed from their trap states. This Ohmic behaviour 

in the LRS is widely expected to be related to the conductive pathways formed by 

oxygen vacancies in the ZnO NR film [205]. This complex switch between ON and 

OFF states has been reported in several resistive switching devices based on hybrid 

and non-hybrid ZnO materials [51,55,206]. 

Although the SCLC charge injection/trapping model fits well the I-V curves some 

questions remain on the validity of this model to describe this system. Firstly, a 

relatively large barrier is expected for electron injection from the electrodes into the 

LUMO levels of PDR1A. The energy gap between the HOMO and LUMO levels 

of PDR1A [207] is expected to be ~3.7eV and in the case of our previous study 

based on PMMA, ~5.6 eV. However, recently it has been shown [208] that ZnO can 

act as a buffer layer between an insulator and metal electrode by forming an ohmic 

contact that permits electron injection into the conduction band of an insulator. In 

this study, based on a high quality, thermally grown SiO2 as an insulator, SCLC 

behaviour was observed when negative voltages were applied to the metal cathode, 

but for positive voltages, rectification was observed. In contrast, our devices behave 

symmetrically with application of either positive or negative applied voltages. The 

difference in the anode materials used in the two studies is unlikely to account for 

the absence of the rectification, since the ITO work function, ϕ ~ 4.7 eV, is not too 
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different to that of the heavily doped Si substrate, ϕ ~ 5.1 eV, used in the buffer 

layer study. 

A mitigating effect might be the very high electric field across the PMMA layer, 

which could provide electron transport across PMMA layer. From the SEM image 

shown in Fig. 5.1 (c) the shortest distance between the Al electrode and the ends of 

the ZnO nanorods is likely to be only ~20 nm and a 2 V potential difference would 

equate to an electric field of 106 V/cm. In this regime, Fowler-Nordheim tunnelling 

could play a role [209]. However, at such high electric fields, other effects emerge 

that can provide charge transport through the dielectric. In particular, contact at the 

metal-polymer interface induces the formation of oxidized and reduced states that 

act like localized acceptor and donor states, enabling charge injection and transport 

via resonant tunnelling across the polymer layer in both moderate and high field 

regimes [210]. 

Lastly, we note that the presence of water molecules in the hybrid device may also 

be involved in the electronic conduction and memristor switching. There is an 

increasing awareness of the role that water plays in the memristor switching 

properties of metal oxide based devices [211,212], and PDR1A and PMMA are 

likely to contain significant amounts of water as both are hygroscopic materials due 

to the presence of polar carboxylic groups. Water also affects the surface states of 

zinc oxide, which dissociates upon chemisorption and act as electron donors [213]. 

Furthermore, the high electric fields present in the hybrid device could be sufficient 
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enough to dissociate water, which as shown by Onsager [214] occurs at fields 

greater than at ~7x105 V/cm. Thus a possible switching mechanism could be the 

migration of OH- from the ZnO surface into the polymer under the application of 

an applied field, thereby switching the device from a high resistance to a low 

resistance state. The high electric field and dissociation of water in the polymer 

could further contribute to the source of OH- ions and migration effect. Upon 

reversal of the field direction, these would be driven in the opposite direction, 

switching the device back into the high resistance state. Whether this dominates 

other mechanisms or is sufficiently fast enough remains to be determined. 

7.1.4.4 Data Retention 

Data retention time is one of the key performance indicators used in memory 

technology. The term “data retention” is used to refer to the capability of memristor 

device to maintain its resistance states (ON and OFF states) over a period of time. 

For nonvolatile storage applications, the target time of data retention should be at 

least 10 years [215]. The data retention test in our memristor devices, see Fig. 5.11, 

demonstrates a good stability and the ON/OFF ratio of 3 remains almost constant 

with little degradation in the HRS over the period of the test (5 h). The results 

clearly indicate that the device can retain the stored information for a long period 

of time, even with instability and vibrations in the lab during the experiment. These 

results confirm the nonvolatile property of our devices, which is in a good 

agreement with other memristor devices based on ZnO NRs [45,50]. To date, 

several treatment methods have been used to improve the resistive switching 
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properties, such as data retention time, endurance, and ON/OFF ratio for ZnO based 

devices. For instance,  ZnO films doped with Mn impurities have retention times 

˃107 s [19], with Ti impurities have retention times ˃105 s [216], and using 

multilayer structure to sandwich the ZnO films, e,g, ITO/ZnO/Ti/ZnO/Al,  retention 

times ˃106 s [217]. Although our devices show a good retention time without any 

treatment, further work is needed to improve and establish the data retention time, 

for example, investigating the temperature effect on the device performance which 

may increase during the operation of memory cell. 

7.1.4.5 Reversible Optoelectronic Cycles 

With respect to repeatable performance, the ITO/ZnO NR/PDR1A/Al resistive 

switching device exhibits a reversible optoelectronic response for optical irradiation 

with time. As reported in Fig. 5.12, both the HRS and the LRS show an increasing 

and decreasing in resistance magnitude during irradiation with repeated cycles of 

circularly and linearly polarised light, respectively. The single most notable 

observation to emerge from the results is the repeatable switching forth and back 

for the two resistance states of memristor device. The observed increasing and 

decreasing of the device resistances upon irradiation could be attributed to the 

reversible expansion and contraction effect in the PDR1A film thickness. These 

kind of measurements are more likely the same of  the write (code 1) and erase 

(code 0) cycles measurements that can be tested for a memristor to evaluate the 

device performance. The write/erase cycles, in general, can be achieved by applying 

a sequence of electrical positive and negative pulses with a fast programming speed, 



 

 
 

190 CHAPTER SEVEN 

e.g. 5 ns [19]. In the same manner, light pulses could be used to stimulate the 

memristor state between ON and OFF states (write/erase). It is evident from these 

results that the switching process in the hybrid material of ZnO NR and PDR1A-

based devices is repeatable from cycle to cycle. Also, these results suggest a new 

level of functionality that provides a promising candidate of optical RRAM devices 

in which their electronic properties can be controlled by optical means. 

Nevertheless, more work needs to be done to improve the programming speed of 

our devices from minutes scale to milliseconds or micro/ nanoseconds scale. 

7.2 Au NPs Based Devices 

 Morphology and Chemical Composition of Au NP:PDR1A 

Nanocomposite 

The TEM study, Figs. 6.2 and 6.3, provides two significant findings. The first one 

is that most of the Au NPs form clusters at the polymer/air interface rather than a 

uniform dispersion in the polymer in which only a few nanoparticles are dispersed 

in the polymer matrix, Fig. 6.2. The Au NPs clusters likely to form an intermediate 

layer between the PDR1A and the top Al layer. It is worth to note that the top 

aluminium layer was deposited after the annealing process. This finding may be 

explained by the fact that the clusters were formed by migration of the nanoparticles 

which are initially suspended in the polymer to the polymer/air interface induced 

by the thermal annealing process of the composite film at 90C for 8 h. Migration 

of the nanoparticles to the polymer/air interface during thermal annealing has been 

studied intensively in the literature and is due to competitive thermodynamic based 
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entropic processes [218]. Presence of the nanoparticles within the composite system 

induces the entropic penalty on the PDR1A chains. Since the individual PDR1A 

chains extend and stretch around the gold nanoparticles to achieve a regular 

dispersion, an entropic gain arises to expel the nanoparticles to the free surface 

(polymer/air interface). This process pushes the nanoparticles out of the composite 

system and results in a forming of clusters at the polymer/air interface even the 

nanoparticles are initially suspension and soluble in the hybrid system. The second 

important finding to emerge from the TEM study, Fig. 6.3, is that some of these 

nanoparticle clusters are extended across the PDR1A matrix to form a partially 

connected conductive pathways between the top and bottom Al layers. Since the 

TEM result shows an image of a nanoscale region, some of these pathways could 

fully connect the top and bottom Al layers within the 400 µm diameter device size. 

These conductive pathways may play a key role for the charge transport through 

tunnelling and also the change in the conductivity between the ON and OFF states 

upon irradiation. The role of these filamentary pathways in the resistive switching 

will be explained in detail in the electrical discussion section. 

As part of the TEM studies, energy dispersive X-ray spectrum (EDX) analysis was 

used to identify the objects in the TEM images, reported in Fig. 6.4. The EDX 

results prove the presence of the Au NPs for the selected areas in the TEM image. 

The appearance of the Au peak at the polymer/aluminium interface region higher 

than the middle region indicates that a considerable amount of Au NPs is clustered 

at the polymer/air interface. The presence of Al peaks in both regions came from 
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the evaporation process of the top and bottom Al layers. However, the Al signal 

from the middle region is lower than the interface region, and that can be attributed 

to the fact that some of Al atoms are diffused into the PDR1A film during thermal 

evaporation process or moved from the Al layers during slicing the TEM samples. 

The EDX also showed signals of Cl, Zn, and Ca which are more likely came from 

a contaminated diamond knife used for slicing the samples. 

 Electrical Characterization and Optical Modulation 

Generally, the properties of insulating materials, for example, the electrical 

conductivity can be tuned by embedding metallic nanoparticles in a matrix host. 

These properties are extremely dependent on the size, shape, distribution, and 

loading content of embedded nanoparticles. Here, the created system shows not 

only a resistive switching behaviour but also offers a new generation of switching 

memory devices that their electronic properties can be controlled by optical stimuli. 

The most important finding to emerge from the analysis is that the electrical 

properties of the created nanocomposite system exhibited a strong dependence on 

the connection and rupture of filamentary paths of the Au NPs in the PDR1A 

polymer, and that resulted in a sharp transition in the material conductivity. 

Breaking and re-connection of the conducting paths occur when the PDR1A film 

expands and contracts upon illumination with circularly and linearly polarised light, 

respectively. 
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7.2.2.1 Conductivity Measurements  

The electrical conductivity of the hybrid system as a function of gold volume 

fraction (%) is reported in Fig. 6.7. The devices fabricated at low concentration of 

Au NPs showed a gradual increase in the conductivity with increasing the Au NPs 

loading, but it is still low value (region I in Fig. 6.7). The observed low conductivity 

of this region is likely related to the large separation between the individual Au NPs 

within the polymer matrix which makes the charge carrier relatively immobile. The 

probability of these NPs to form an inter-connected conductive pathways is very 

low because of the effective obstacle of the surrounding insulating nature of 

PDR1A polymer. According to this, the conduction mechanism is dominated by 

thermally activated charge carriers in these devices [219]. Increasing the Au NPs 

concentration and specifically at the Rv*, the conductivity increases rapidly with 

more than three orders of magnitude as shown by region II in Fig. 6.7. This large 

increase in the conductivity can be attributed to the extended clusters and/or 

creation of metallic bridges between the two metal electrodes as observed by the 

TEM images. In this case, the electrical conduction mechanism could be dominated 

by metallic or tunnelling conduction or both depending on whether the formed 

conductive bridges are fully or partially interconnected. Further increase in the Au 

NPs concentration increases the conductivity but with a small gradient as shown in 

Fig. 6.7, region III. This means that the number of extended clusters or conductive 

bridges is increased within the polymer matrix. In this case, continuous conductive 

bridges form, and accordingly the metallic conduction transport dominates instead 



 

 
 

194 CHAPTER SEVEN 

of tunnelling. These results confirm that there is an intrinsic correlation between the 

morphology of the film and electrical conductivity. 

Modulating the conductivity of sample A by optical means is demonstrated in Figs. 

6.8-6.10. The device with only few filamentary pathways within the polymer matrix 

makes it very sensitive to any slight disruption. Indeed, we see that the device 

switched from its high conductivity state (~10-6 S/cm) to low conductivity state 

(~10-9 S/cm) with a change of three orders of magnitude after 30 min irradiation 

with circularly polarised light. This is because the photoexpansion of the PDR1A 

film, which causes a breakage of the conductive paths and switches the device to 

the HRS state. On the other hand, due to the photocontraction of PDR1A film 

induced by 15 min irradiation with linearly polarised light, the device switched back 

to its original conductivity state. It seems possible that the reversible switch in the 

device conductivity is due to the re-connection of the conductive pathways upon 

illumination. Interestingly, the device showed a repeatable switching response 

between the low and high conductivity states as shown in Fig. 6.9. It should be 

important to note that the device with no Au NPs does not show this significant 

change (only a factor of ~4) between the two conductivity states upon irradiation 

with the same above irradiation conditions. This effect is also confirmed by the 

conductivity transient measurements which demonstrated in Fig. 6.10, where the 

conductivity switched to the OFF/ON state with a change of four orders of 

magnitude during the optical illumination with circularly/linearly polarised light. It 

is notable that rapid jumps in the conductivity values occurred which is in a good 
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agreement with the idea of the re-connection and rupture of individual conductive 

pathways. 

Optically SET/RESET with electronically read is similar to the write/erase cycles 

that use positive and negative electrical pulses to switch the device between two 

resistance states. Despite these promising results, as mentioned before, further work 

is needed to improve the speed switching due to the low SET/RESET speeds in 

these devices that take 15/30 min, in contrast to the previous electrically fast 

switching speeds reported in [19] with a nanosecond time scale (5 ns) SET/RESET 

processes in ZnO films based-devices. 

7.2.2.2 Current-Voltage Characteristics 

The loading content of nanoparticles and morphology play a vital role in the 

resistive switching properties of resistive memory devices [119,220]. Additionally, 

it is found that embedding a sufficient content of NPs can not only modify the 

electrical properties of the insulating material but also improve the charge 

storage/memory effect of the hybrid systems [116,221], in which the embedded NPs 

can act as trapping centres for charge carriers within the forbidden band gap of an 

insulator. Our experimental results indicate that the electrical switching behaviour 

of PDR1A devices with Au NPs is strongly dependent on the concentration of the 

Au NPs within the PDR1A film. The obtained results reveal that there is no resistive 

switching for the devices fabricated neither at low nor high concentration of Au 

NPs, as depicted previously in Fig. 6.11. The lack of switching and high resistivity 



 

 
 

196 CHAPTER SEVEN 

in the case of low concentration Au nanoparticle devices are more likely related to 

the low content of Au NPs which are insufficient to support the charge storage and 

transport as well as the insulating nature of PDR1A polymer. In the case of high 

concentration, the high conductivity could be attributed to the increasing number of 

the conductive paths which resulted in easily drain the charges away from the bulk 

hybrid system to the metal electrodes. As a result, this reduces the lifetime of stored 

charges and the ON/OFF ratio. However, the devices fabricated at concentrations 

in between these two extreme values exhibit a good ON/OFF ratio, and in particular 

the sample A. The SET voltages of these devices decreases with increasing the 

concentration, and that might be also related to the increasing number of the 

conductive paths within the hybrid system.  

 We move on now to determine the effect of optical illumination on the resistive 

switching properties. The typical bipolar switching (sample A) was demonstrated 

formerly in Fig. 6.13. A 30 min illumination expands the PDR1A film and modifies 

the ON/OFF ratio from less than 1 order of magnitude before irradiation to 3 orders 

of magnitude after irradiation by increasing the resistance of the HRS state. The 

enhancement of ON/OFF ratio can be attributed to the rupture of conductive 

pathways and increase the separation between Au NPs upon irradiation, which 

increase the HRS state and the possibility of trapping for long lifetime instead of 

easily dissipated the charge carrier away to the electrodes via conducting pathways. 

Due to the 15 min forced relaxation of PDR1A film, the device reverted back to its 

initial ON and OFF states. The device does not show a full contraction in which the 
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ON/OFF ratio after forced relaxation is larger than before irradiation. This could be 

related to the residual of free volume in the PDR1A film that can occur during the 

repeated trans-cis-trans isomerization cycles [222,223]. The LRS, however, 

whether before or after irradiation does not show a significant change upon 

irradiation. This is also observed when the device exposed to the successive 

circularly/linearly polarised light cycles as shown in Fig. 6.18. Although the 

response of the device in the LRS state is not as good as in the HRS state, the device, 

therefore, shows a repeatable response with optical illumination cycles. 

7.2.2.3 Conduction Mechanism 

The current conduction mechanism corresponding to the electrical bistability in our 

system (sample A) is attributed to the SCLC. The log I-log V curve fitting (Fig. 

6.15 (b)) shows three distinct regions, which explain the conduction mechanism in 

the HRS and the LRS. In the case of the HRS, the charge transport follows Ohmic 

conduction in the applied voltage region from 0 to V ≤ 0.5. This region exhibits 

linear behaviour, and a small current passes through the device, with a dependence 

on V of I∝V with a slope of ~1. This indicates that the Ohmic behaviour is 

dominated and the charge transport results from the thermally generated carriers. 

Charge transport in device in the applied voltage region of 0.5 ≤ V ≤ 0.7 can be 

described by the trap-controlled space charge limited current (TC-SCLC), and this 

is called as a Mott-Gurney law. In this region, the device remains in the high 

resistance state but the current exhibits the voltage square dependence, I∝V2, with 
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a slope of ~2. This region can be described by the Mott-Gurney law [139], as given 

by: 

      
3

2

8

9

d

V
J




                                           (7.1) 

where J is the current density, ε is the dielectric constant, μ is the free carrier 

mobility, V is the applied voltage, and d is the insulator/metal oxide layer (thin film) 

thickness. 

Once the applied voltage reached the threshold voltage of 0.8 V, all traps are filled 

and an abrupt transition in the current takes place, switching the device to the LRS 

(ON) state. Conduction in this region can be ascribed to trap-filled space charge 

limited conduction (TF-SCLC). In the case of the LRS, the conduction mechanism 

is completely dominated by Ohmic conduction for the return voltage region from 1 

V to 0 V. This region shows linear dependence of current with the applied voltage, 

I∝V, with a slope of ~1. There is substantial evidence to support the mechanism 

also occurs in nanoparticle-based systems [224–227]. 

In terms of the Simmons model [64], the switching in our devices is consistent with 

N-shaped or voltage controlled negative differential resistance  [228], since the I-V 

curves, shown in Fig. 6.15 (a), exhibit the typical non-linear differential resistance 

effect. When the device is in the low resistance state, and the voltage is ramped 

from zero to a more negative potential, a local maximum of the current is observed 

at VMax, followed by a region of negative differential resistance and transition to a 
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high resistance state as electrons are injected into traps. If the voltage is removed, 

the device remains in the off state. In the alternate scenario, when the device is in 

the high resistance state, and the voltage is ramped from zero to a more positive 

voltage, the device exhibits a transition at a threshold voltage, Vth, to a low 

resistance state due to removal of the stored charge. Interestingly, the devices in 

their pristine state always start in the high resistance state, and the first sweep results 

in switching to a low resistance state, irrespective of the direction of the first sweep. 

Since the reverse scenario is generally expected in such a model, it could indicate 

that the nanoparticles are already partially charged or the first sweep initiates a 

forming-like step in the system.  

There is also an ongoing debate as to whether there is filament formation from the 

dissolution of the electrodes or electrochemically active materials within the device 

structure [32]. In the latter case, we find no evidence of this since we do not observe 

resistive switching in devices without gold nanoparticles and the applied voltages 

use (sweeping between ±1 V) for switching in nanoparticle containing devices are 

much lower than that used elsewhere, e.g. up to 8 V [229], which may preclude 

dissolution of the electrode material. We have also used aluminium as well as gold 

as the top electrodes in our systems which are generally less mobile than the more 

favoured silver electrode material used in many of these systems [32,230]. 
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7.3 Neuromorphic Computing Applications  

In this section, the potential of the optical memristor devices in neuromorphic 

applications is discussed. It has been demonstrated that memristors simulate the 

learning properties of biological synapses [231]. In the human brain, there are about 

1011 neurons and about 1015 synapses which connect each neuron with others [232]. 

Synapses transfer the spikes or signals generated by neurons from one neuron to the 

adjacent neuron, known as a pre-synaptic neuron and a post-synaptic neuron, 

respectively. The connection strength of synapses depends on the synaptic weight. 

In biological synapses, the connection strength between two neurons is modified by 

the ionic flow through the synaptic gap, and it is widely believed that the adaption 

of synaptic weight enables biological systems to learn [232]. Correspondingly, 

memristors emulate the biological synapse configuration and function in which 

each cross-point between the top electrode (pre-synaptic neuron) and bottom 

electrode (post-synaptic neuron) represent a synapse for neuromorphic computing 

applications. Furthermore, the synaptic weight in a memristor is determined by 

measuring the conductance of memristor. This conductance relies on the total 

charge passing through a memristor, and it can be altered by voltage pulses.  

In order to be used in neuromorphic applications, memristors need to show 

incrementally increase (potentiation) and decrease (depression) in the conductance 

upon an external stimuli [161,233,234]. We see that the synaptic weight in our ZnO 

NR-based devices and Au NP-based devices showed potentiation and depression 

upon electrical and optical pulses as previously demonstrated in Figs. 5.13 (a and 
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b) and 6.19 (a and b), respectively. A series of positive/negative electrical pulses 

incrementally increased/decreased the conductance of both types of devices. 

Similarly, a series of linearly/circularly optical light pulses incrementally 

increased/decreased the conductance of both types of devices. Interestingly, the 

devices show incrementally linear potentiation and depression in the case of 

electrical pulses, whereas, more highly non-linear incremental depression than 

potentiation in the case of optical pulses. In the former case, the linearity of 

incremental increase and decrease in the synaptic weight most likely indicates that 

the operation of the device was at potentials in the linear regime of the current-

voltage curve. Longer or larger magnitude pulses would have most likely given 

non-linear effects as predicted by the shape of the I-V hysteresis curves of 

memristors. In the latter case, the non-linearity of conductance change is more 

related to the optical expansion and contraction properties of the PDR1A material, 

which as shown by the graph in Figs. 5.5 and 6.5 saturates after a period of time. 

Spike-timing-dependent plasticity (STDP) is also a key tenet of Hebbian learning 

and has been shown to be linked with sensory perception, spatial reasoning, 

language and conscious thought in the neocortex [235]. In STDP, learning and 

information storage are dependent on the difference in arrival times of action 

potentials from neighboring neurons, called pre-synaptic and post-synaptic spikes. 

As reported in Figs. 5.14 and 6.20, the memristor synaptic weight (∆G/G) was 

modulated by light by measuring the synaptic efficacy before and after irradiation 

with circularly polarised light. The STDP characteristics shifts after illumination 
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with circularly polarised light, as expected from the variation of the PDR1A film 

thickness. The effect is reversible via irradiation with linearly polarised light and 

can be modulated by varying the irradiation time or laser intensity. The obtianed 

STDP data are in a good agreement with the biological STDP data measured in 

hippocampal synapses by Bi and Poo [162], and also consistent with electronic 

synapses based on memristors [161,163,236]. 

 Practically, this could be carried out by optically addressing single memristors in 

circuits, or in more complex artificial brain-like systems, via stimulating regions 

containing many memristors. The latter effect is certainly significant in biological 

brains since it is well known that learning is not necessarily associated with changes 

in individual synapses but the collective change of many synapses in a specific 

region. In this work we have focused on the control of a single memristor device. 

The development of a system fully capable of emulating the brain’s complex 

functions would require the orchestration of a complex network of billions of 

memristors divided into regions each having different functionality and learning 

characteristics. The dual control of a memristor both optically and electronically 

would support this ability to develop greater complexity. For example, light can 

provide hierarchical control, facilitating such processes as memory consolidation, 

synaptic pruning and conversion of short-term to long-term memory.  

Light could be used as a means to refresh synaptic circuits that are no longer 

required, such as old memories. Instead of discarding the memristor synapses, their 
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synaptic weight could be modified, so they are instead free to learn new information. 

In this context, the ability to control the speed of forgetting is also important and in 

Figs. 5.15, and 6.21 we show how the optical memristors can be used to control the 

retention time of memory states, allowing short-term memory and medium-term 

memory. The devices also exhibit long-term (non-volatile) memory. This involves 

operation of the memristor device by purely electrical signals (i.e. without any 

optical stimulus). The short-term and medium-term memory processes are similar 

to short-term plasticity (STP) and long-term plasticity (LTP) processes in biological 

systems, which involve enhancement of the connection strength between two 

neurons but with different decay rates back towards their initial states. However, 

since we have defined the synaptic efficacy in terms of resistance (conductance 

could instead be used), a more precise definition, in our case would be that the 

devices exhibit short-term depression (STD) and long-term depression (LTD) since 

the optical irradiation by circularly polarised light diminishes the conductivity 

(increases the resistivity) of the device. In the case of the medium-term memory 

effect observed in this work, the switch back of memory to its initial state is a 

spontaneous event and is therefore consistent with LTD, but in the case of the short-

term memory effect, the process is a little different as it is an activity dependent 

process involving optical stimulation. 

The ability to dynamically switch between these types via optical means could has 

important applications in adaptive electronics and reconfigurable circuits as a 

means to modify functionality or stored information. Optically controllable short-
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term and long-term memory and dynamic modification of the retention time of 

stored information could also have application in freeing up information that is 

stored for different purposes. For example, the medium term memory approach 

would enable data to be stored for a reasonable amount of time before being 

automatically forgotten. This would save the system energy and time in having to 

perform a specific erase process. In an artificial intelligent system an application of 

this could include memory needed for episodic memory or used to give spatial 

awareness. In the short memory scenario, optical irradiation could be used to erase 

data that is not needed for a long period of time, applications could include memory 

used in numerical calculations, logic operations or cache memory. In the latter case, 

improved switching times are likely needed, but perhaps not significantly so, since 

short-term memory in biological systems is approximately only 10–20 seconds and 

signalling processes themselves are typically only of the order of millisecond. 
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 Conclusions and Future Work 

This chapter summarises the main conclusions of this thesis and provides some 

suggestions for future research in the optical memristors field. 

8.1 Conclusions 

In this thesis, novel optical resistive switching devices exhibiting an optical SET 

and RESET functionality are demonstrated for the first time. The devices exhibit 

all of the nonvolatile electronic resistive switching properties of normal memristor 

devices but can also be switched ON and OFF by purely optical means. Illumination 

by light can also be used to modulate or fine-tune the electronic switching properties 

of the device; for example, the resistance OFF/ON ratio can be modified. The work 

has important applications in reconfigurable and adaptive electronics, photonic 

memories and, as demonstrated in the thesis, can also be used to control the learning 

properties of memristor devices through spike-timing-dependent-plasticity (STDP), 

which is important in neuromorphic computing applications.  

The main thesis work centres around composite materials consisting of zinc oxide 

nanorods or gold nanoparticles embedded in an optically active polymer. The 

polymer, poly(disperse red 1 acrylate) (or PDR1A) expands or contracts upon 

illumination with wavelength- and polarisation-specific light, which modifies the 

electronic transport and switching properties of the device. In the case of the metal 

nanoparticle system, the devices exhibit clear switching between the ON and OFF 
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states by purely optical means. The resistance OFF/ON ratio is large, and this has 

been optimized by creating filamentary-like conduction pathways of gold 

nanoparticles within the device, that break or re-connect under optical irradiation. 

In the case of ZnO NR-based optical devices, the fabrication methods used  were 

successful in producing reliable and high performance devices. A microwave-

assisted hydrothermal technique was used to fabricate a thin-film “forest” of 

vertically aligned ZnO NRs. The SEM results show the thin-film to be of high 

quality, having high density nanorod growth with good vertical alignment and 

uniform coverage across the surface. The method also has the advantages of low 

cost, low temperature (ambient) growth and a simple means of fabrication using 

solution processing techniques. This contrasts with other techniques that often 

require high temperatures and pressures. The deposition of the PDR1A polymer 

material is also via solution processing. The spin-coating technique is simple, fast 

and low-cost. The PDR1A polymer is deposited on top of the ZnO NR surface and 

serves as a barrier layer between the ZnO NRs and the Al top contact, preventing 

short-circuiting of the top electrode with the ZnO nanorods, and improving the 

switching performance of the devices. It also lowers the operating current of the 

device, which has the advantage of decreasing the power consumption. The PDR1A 

film thickness characterization reveals that the maximum expansion of PDR1A 

after 30 min irradiation by circularly polarised light is ~18% and 30%, depending 

on the initial film thickness. 
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The I-V characteristics of ITO/ZnO NR/PDR1A/Al optical memristors show a 

pinched hysteresis loop with bipolar resistive switching properties. The devices 

exhibit a complex transition between the HRS and LRS states and  a relatively small 

(10) resistance OFF/ON ratio. The fitted I-V curve demonstrates that the 

conduction mechanism is dominated by space-charge-limited-current (SCLC). It is 

observed that the optoelectronic properties of devices can be optically modified via 

expansion and contraction of PDR1A film. Indeed, irradiation with circularly 

polarised light for 30 min increases the ON and OFF resistance states and improves 

the OFF/ON ratio by a factor of 4. Irradiation with linearly polarised light for 15 

min or thermal relaxation for 120 min contracts the PDR1A film, and that causes 

the ON and OFF resistance states to revert back to their initial states. It is also found 

that optical irradiation can be used to switch the retention time of ZnO NR-based 

devices between short-term, medium term and  long-term (non-volatile) behaviour. 

Au NP:PDR1A optical memristors were also produced using a solution processing 

technique that is fast, simple and low-cost. The electrical conductivity of this hybrid 

system was found to be strongly dependent on the nanoparticle concentration. It 

was found the conductivity of the devices increased with nanoparticle concentration 

and in particular, a critical volume fraction, Rv* = ~0.065%, was found that had a 

conductivity that was more than three orders of magnitude greater than devices 

without nanoparticles. Examination of these devices by TEM , demonstrated that 

the critical volume fraction was due to the formation of conductive nanoparticle 

pathways (filaments) that bridge (or partially bridge) between the top and bottom 
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electrodes. The most obvious finding to emerge from these filaments/bridges is they 

are very sensitive to contraction and expansion of the PDR1A material, which can 

be controlled by wavelength and polarisation-specific light. The expansion and 

contraction of PDR1A polymer upon illumination with circularly and linearly 

polarised light cause rupture and re-connection of the pathways, respectively, that 

causes the optical RESET and SET processes, respectively. The TEM results, 

further, identify that the Au NPs are not homogenously distributed within the 

PDR1A film, but occur in clusters at the interface of the PDR1A and Al electrode.  

The Au NP:PDR1A optical memristors exhibit bipolar switching properties with a 

sharp transition between the ON and OFF states. SCLC appears to play a role in the 

conduction mechanism as shown by I-V curve fits. Moreover, a negative 

differential resistance (NDR) is observed at negative potentials, which is a signature 

of a charge trapping mechanism first proposed by Simmons. From the 

optoelectronic studies, the devices exhibited large optical switching effects with 

high reproducibility. However, it was noticed that the HRS state is affected more 

by the optical expansion/contraction process than the LRS state. This could be due 

to better charge storage properties of the expanded polymer state, since the 

conduction pathways are broken more than in the normal (contracted) polymer state. 

Optical illumination of the Au nanoparticle/PDR1A devices was also found to 

modify the I-V characteristics, the ON and OFF resistance states,  the resistance 

OFF/ON ratio, and the data retention times, as was similarly observed  in the ZnO 
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nanorod/PDR1A devices. The devices also showed potentiation and depression of 

the memristor states by optical means and optically tunable STDP learning. 

A significant achievement of this work is the development of a new type of device 

that exhibits  both electronic and optical switching. This has application in a number 

of areas. In optoelectronics, the devices could be used as optical switches in 

integrated photonic circuits and optical computing systems, as well as systems that 

need to be adaptive and reconfigurable (by light). In neuromorphic computing 

applications,  the dynamic and spatial patterning of memristor arrays by light opens 

the route to dynamically tunable and reprogrammable synaptic circuits as well as 

the ability to impart hierarchical control in artificial intelligent systems. Although 

there are many potential applications, the main limitation of the devices are the slow 

optical switching speeds of the devices, typical 30 mins for an optical SET and 15 

mins for an optical RESET. This is much too slow for practical purposes and would 

need to be greatly improved, especially for applications in photonic circuits. 

However, although the speed of the devices is slow, ultra high-speed switching (i.e. 

nanosecond, femtosecond)  is not a necessity for all applications. We envisage that 

switching speeds of the order of 20 ms would be sufficient in neuromorphic 

computing systems, since this is the typical switching speeds of synapses in most 

biological systems, including that present in human brains. 
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8.2 Future Work 

This section proposes some ideas for future development of the optical memristor 

devices as well as some potential areas of their application: 

1.    Development of devices with much faster optical switching times is necessary 

to take this technology forward for commercial applications. Switching speeds 

of the order of milliseconds are useful for neuromorphic applications since 

these are the typical switching speeds found in biological brains. In the area of 

photonic devices, fast switching speeds of the order of microseconds or 

nanoseconds would be needed.  

 

2.    Fabricating optical memristors with crossbar architecture with ITO top and 

bottom electrodes for high-density memory applications. 

 

3.    Planar optical memristor devices (horizontal) could be investigated as these 

may be simpler to integrate into neural networks.  

 

4.    Development of optical memristor cellular neural network cameras for ultra-

fast processing of video information. Systems of this nature can be used to 

alleviate bottlenecks associated with the large transfer of information across 

bus lines to the CPU. Reduced information is sent to the CPU since some of 

the pre-processing of the images (e.g. filtering, edge detection) is done at the 

level of the optics.
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