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Abstract

The electronics market is highly competitive and driven by consumers desire for the latest
and most sophisticated devices at the lowest cost. In the last decade there has been
increasing interest in printing electronic materials on lightweight and flexible substrates such
as plastics and fabrics. This not only lowers fabrication and capital costs but also facilitates
many new applications, such as flexible displays and wearable electronics. The printing of
computer memory is also desirable since many of these applications require memory to store
and process information. In addition, there is now an international effort to develop new
types of computer memory that consume ultra-low levels of power. This is not only to lower
energy usage worldwide, which is important for reducing CO, emissions, but it also enables a
longer period between the re-charging of devices such as mobile phones, music players and
fitness bands. Memory that is non-volatile is an obvious choice since it doesn’t consume
power to retain information like conventional SRAM and DRAM. Memristors (or memory
resistor) are a new type of memory that are intrinsically non-volatile in nature. Their simple
two-terminal architecture, easy method of fabrication and low power consumption means
they have received much attention from both the research community and industry. Devices
with the lowest fabrication costs are made from organic or hybrid (organic-inorganic)
composite materials because of the ability to use low-cost solution processing methods with
the advantages of large area deposition under vacuum-free and room temperature ambient
conditions. Memristors have excellent device properties, including a large resistance Off/On
ratio (up to 5 orders of magnitude), fast switching speeds (less than 15 ns), long endurance
(over 10*? cycles), long data storage retention time (~10 years) and high scalability down to
nanoscale dimensions. In this article we review progress in the field of printed and flexible
memristor devices and discuss their potential across a wide range of applications.
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1. Introduction

In the last several decades, organic and hybrid (organic-inorganic) composite materials have
received enormous attention worldwide because of the wide range of new applications for
printed electronics on flexible and lightweight substrates. There is increasing demand for
electronic devices that can be used in a variety of non-conventional environments and
applications, which traditionally would not be considered appropriate for fragile and
expensive semiconductors devices that are susceptible to easy breakage or damage from the
elements. A typical example is in wearable technologies where there are substantial new
market opportunities for electronics that can be embedded in clothing and sportswear.
Applications also include diagnostic health monitoring of the wearer, embedded sensors for
chemical sensing in hazardous environments, electronic clothing and prosthetics that are
dynamically adjustable or can change their material properties depending on the
temperature, humidity and needs of the wearer. Printed electronics applications are also
numerous and include electronic displays, security tags, sensors, solar cells, flexible batteries,
electronic skin (e-skin) and flexible printed circuit boards, see Figure 1. Since many of these
applications also require computer memory for data storage, processing and device
operation, there is also a need for having memory devices that can be deposited on flexible
and lightweight substrates. Next generation non-volatile memories are an obvious choice,
since non-volatile memory has the benefit of not requiring energy to retain information,
which is important for many applications such as wearable and portable electronic devices,
where it is important to maximise the time between battery re-charging.
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Fig. 1. A wide range of applications for printed electronics on flexible and
lightweight substrates.

Another important aspect of developing new types of computer memory is the increasing
need for new types of computing architectures. Since the 1960’s computing power and
memory technologies have been driven by Moore’s Law, which is a relationship that describes
how the density of transistor components per unit area doubles every 18 months'-2. However,
Moore’s Law is coming to an end since it is increasingly more and more difficult to reduce the



transistor size whilst retaining adequate device properties3. Thus, the world is beginning to
witness a new era of computing that is likely to be driven by new unconventional methods of
computing and post-von-Neumann architectures such as neuromorphic and in-memory
computing®>®. This will likely also involve new types of memory devices that have both a very
small footprint and ultra-low energy usage’. Memristors (or memory resistor) are a new type
of memory that are intrinsically non-volatile in nature®°. Memristors have enormous
advantages because of their two-terminal architecture, ultra-low power, simple fabrication,
low-cost manufacture, suitability for synaptic computing and their capacity for ultra-high
density data storage. In recent years, memristor performances have advanced considerably.
Very high levels of endurance (120 billion cycles) and retention (>10 years) have been
achieved, and ultra-high-density crossbar arrays have been realized® with scalability down
~2 nm. Whilst, much initial research has focussed on metal-oxides for the active switching
material, memristors based on organics and hybrid materials have also come of age, with new
device types having high performance levels such as very large Off/On resistance ratios (up
to 10° orders of magnitude?!?), fast switching speeds (less than 15 ns, see!?), long endurance
(over 10*? cycles®®), and long data storage retention time (~10 years!?), low-cost fabrication
on rigid and flexible substrates®® as well as high density integration and demonstrated
potential in neuromorphic computing?®.

Printed electronic fabrication techniques offer several potentially significant
advantages including low cost, fast processing and scalable fabrication of micro and nano-
patterning on lightweight, portable, curved, and flexible substrates'’'°, Already, there are
extremely promising research level examples that demonstrate the appealing aspects of
these devices. One of these is a fully printed molybdenum disulfide (MoS2) memristor
crossbar device reported by Feng et al.,?°. The Ag/MoS,/Ag device printed on a flexible
polyimide substrate, see Figure 2, exhibited both volatile and non-volatile switching
properties (controllable via the compliance current) that successfully emulated both the
short-term and long-term synaptic plasticity of biological synapses. The printed devices also
exhibited a large resistance Off/On ratio (up to 10’), a low switching voltage (0.18 V), and
ultra-low power consumption (1 fW). Another fully printed crossbar memristor array has
been demonstrated by Catenacci et al.,>L. In this case, the device was made from a nano-
composite material of Cu-SiO, nanowires embedded in ethylcellulose and printed between
Cu and Au electrodes. The devices showed reliable switching (up to 10% cycles) and had write
speeds as fast as 3 ps with retention times of 108s. Altogether, these results along with other
recently observed interesting electrical and optical phenomena??23 indicate high promise for
the use of these low-dimensional 1-D and 2-D materials in a range of energy efficient
neuromorphic computing applications.
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Fig. 2. Fully printed Ag/MoS,/Ag crossbar memristor on flexible polyimide
substrate. Reprinted with permission from?°. Copyright 2019 WILEY-VCH Verlag
GmbH & Co.

The following sections review progress in this exciting area of new memory technologies
based on memristors. The focus is on the field of organic and hybrid (organic-inorganic)
composite materials since these offer new opportunities for applications that require flexible
substrates and/or manufacture by low-cost, printed technologies. The current state of the art
will be presented along with a discussion of memristor device properties, switching
mechanisms and their potential for use in a flexible and printed electronics.

2. Memristor Operation Principles

Before discussing organic and hybrid materials based memristors it is worth briefly to describe
the operation of a conventional memristor. Memristors or resistive random-access memory
(RRAM) devices operate as memory devices due to the possibility to switch their resistance
between a high resistance state (HRS) and a low resistance state (LRS) via application of an
external stimulus. Both resistance states are stable at V = 0, which means that memristors
can be used as a non-volatile memory. The switching from a HRS to a LRS is called a SET
process, whereas, the switching from a LRS to a HRS is called a RESET process. Resistive
switching phenomenon can be classified into bipolar and unipolar types depending upon the
polarity of the applied potential required for switching. The occurrence of SET and RESET
processes at different polarity is referred to as bipolar resistive switching. In the case of
unipolar switching, SET and RESET processes occur at the same polarity but with different
magnitudes of the applied stimulus.

Many memristor types, including both metal oxides?* and organic based memristors?>,
require an electrical forming process to initiate switching in devices. This typically involves
applying a high potential to form defects or conductive filaments within the material which
then provide reliable resistive switching at a much lower potential. Upon forming, a
compliance current is applied to prevent irreversible damage and runaway breakdown
processes that can occur due to the high current passing through device. Forming processes
are generally considered as being undesirable at it requires an extra step in the fabrication



process. Also, since the properties of forming are highly stochastic in nature and the current-
voltage properties are highly non-linear, it can introduce large variability between devices. At
present, there are increasingly more non-forming device types being reported. Many of these
function because of a large number of intrinsic defects, as in the case of oxide-based
devices?®, or a high concentration of loading traps, such as that mediated by metal
nanoparticles (NPs) as in hybrid organic-inorganic devices?’.

From the fabrication point of view, memristors based on inorganic materials such as
oxides are often fabricated via techniques such as sputtering, atomic layer deposition, metal
evaporation and chemical and physical vapor deposition?®-33, These techniques require
expensive equipment and the processes involved are not well-suited for high-throughput
fabrication. For example, sputtering, atomic layer deposition and metal evaporation must all
be done under high vacuum conditions which is a slow process since it take considerable time
to remove air from the vacuum chamber. Additionally, the processes involve high
temperatures that are not compatible with the use of soft materials such as those needed for
flexible substrates. In contrast, organic or hybrid organic-inorganic materials-based
memristors can be fabricated via solution processing techniques such as spin-coating, dip
coating, drop casting and printing technologies like ink-jet printing, 3-D printing and screen
printing. They also offer advantages of low cost, vacuum-free conditions, fast deposition
times and large area fabrication on lightweight and flexible substrates under ambient

conditions1>34-38,

The key parameters used to compare device types across research and industry, which
also governs their compatibility for different applications are endurance and retention.
Endurance can be defined as the maximum number of write/erase or SET/RESET cycles that
a device can achieve before it becomes unreliable or deviates outside the allowed operation
resistance Off/On window. Retention is defined as the capability of a device to retain its
resistance state over a period of time. For reliable non-volatile memory applications, resistive
switching devices should have at least endurance cycles and retention time of 10°— 107 cycles
and >10 years, respectively3?,

Memristors have several potential applications. The most obvious being non-volatile
random-access memory. Here, one of the main advantages is that unlike current SRAM and
DRAM technologies, memristors do not require continuous power to retain data*® and
therefore large energy savings can be made. This is particularly relevant today because of
global warming, high electricity costs because of the global energy crisis and the recent surge
in new A.l. technologies, such as ChatGPT and AlphaGo, which consume enormous amounts
of energy for their training. Since memristors are only 2-terminal devices, they also have the
advantage of a smaller footprint compared to 3-terminal (transistor-type) devices, which
means a greater packing of data on a chip and overall, more computing power. The writing
of data for memory storage is also a faster and simpler process and is achieved by the
application of a voltage pulse that switches the device between either its high resistance state
(HRS) or low resistance state (LRS), corresponding to either a 0 bit or a 1 bit. The stored data
can as well be easily retrieved by applying a low voltage pulse to read its resistance.



Memristors also have enormous potential for use in neuromorphic computing
systems*! since they have properties that directly emulate the analogue switching and
learning characteristics of biological synapses. This makes them promising candidates for a
whole range of artificial intelligence applications such as combined memory/computational
elements for in-memory computing, synaptic sensors for vision*? and image recognition*3,
and ultra-low computing architectures for edge-computing and large-scale neuromorphic
computing systems*4,

Another significant application of memristors is in logic circuits integrated with CMOS
chips. As a memory element, crossbar memristors can be fabricated directly on the CMOS and
used as the reconfigurable data routing network®, and logic-in-memory applications*®.

Organic and hybrid material based memristors can be classified into four main
categories based on their structure, these are the following:

i.  Single layer structure consisting of one organic/polymer layer sandwiched between
top and bottom metal contacts.

ii.  Bi-layer structure consisting of two different organic/polymer layers sandwiched
between top and bottom metal contacts.

iii.  Tri-layer structure consisting of metal/semiconductor nano-traps dispersed in a thin
film that is deposited between two organic/polymer layers and sandwiched between
top and bottom metal contacts.

iv.  Single layer structure consisting of a hybrid organic-inorganic material (often a
nanocomposite) that is sandwiched between top and bottom metal contacts.

This article focusses on the simplest memristor architecture which consists of only a single
active layer (categories | and IV) and examines their switching properties and switching
mechanisms. The following two sections focus on single layer memristor devices made from
organic and hybrid (organic-inorganic) composite materials.

3. Single Layer Organic Memristors

Organic electronic memristors containing a single layer (thin-film) of a resistive switching
material are fabricated by depositing the active layer between top and bottom metal
electrodes in a vertical sandwich-like structure as shown schematically in Figure 3. Materials
that can be used include small organic molecules, polymers, 2-D organic materials (e.g.
graphene) or a monolayer of molecules in the form of a self-assembled monolayer (SAM).
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Fig. 3. Schematic showing the simple structure of a single layer organic device.
The switching matrix can be a range of thin-film organic materials, including small
organic molecules or polymers in a thin-film or a monolayer of single molecules
sandwiched between top electrode (TE) and bottom electrode (BE).

Prior to discussing single-layer organic memristors, it is worth mentioning that the first
bistable organic resistive switching device, introduced in 2002 by Ma et al.,*” incorporated a
tri-layer structure (organic-metal-organic) that was deposited between two Al metal contacts.
The same high dielectric constant organic material, 2-amino-4, 5-imidazoledicarbonitrile
(AIDCN), was used for the two organic layers (50 nm thick for each) and these were separated
by a thin Al metal film (20 nm) deposited between the two organic layers. Ma et al., ascribed
the electrical bi-stability switching to a charging effect induced by the formation of
nanoclusters within the intermediary Al layer*8. Switching due to the formation of Al filaments
was ruled out since the conductance of the device decreased with decreasing temperature,
which is opposite to that expected for a metal. Since then, extensive efforts have investigated
this resistive switching effect further as a means to better understand the switching
mechanism and improve device performance. These studies have examined a range of
materials including small molecule organic materials, polymers, and various organic-inorganic
hybrid materials consisting of composites of metal or semiconductor materials dispersed
within an organic matrix.

The demonstrated number of single layer based resistive memristors is significant.
Some examples are summarised. A single layer bistable organic resistive memory was
demonstrated® in a thin-film (400 nm) pentacene device with a structure of Al/Ca2H14/Al,
Figure 4a. The device showed a bistable memory effect with an Off/On resistance ratio of
about 10°. To clarify the bistable memory effect in the single layer devices, a tri-layer device
structure of pentacene/aluminium/pentacene sandwiched between two Al electrodes was
also fabricated. The same bistable memory behaviour was also observed in the tri-layer
pentacene structure, also Figure 4a. It was found that the bistable switching effect in both
structures exhibited a high conductance in the On state, which led the authors to conclude
that the resistive switching effect was due to the presence of Al NPs within the pentacene
matrix. In the single layer device, it was expected that Al atoms diffuse into the organic layer
during the Al top electrode evaporation process and aggregate to form NPs within the



pentacene. Measurements on a single layer device using a gold wire as top contact instead of
Al supported this hypothesis. However, for the tri-layer devices, the formation of the Al NPs
was attributed to the middle Al layer which naturally forms NPs because of its very thin
nature. Moreover, temperature dependent resistance measurements for the On and Off
states for both device structures exhibited a metallic-like temperature dependence with a
resistance that increased with temperature, Figure 4b. The hypothesis was that the applied
electric field can modify the distribution of metal NPs, leading to formation of conducting
nano-filament pathways through the organic layer and switching the device into the On state.
However, switching off the electric field can relax the metal NPs, switching the device back to
the Off state.
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Fig. 4 (a) I-V sweeps for the single-layer (triangle dots) with a pentacene film of
400 nm and the tri-layer device (square dots) with the structure of pentacene (170
nm)/aluminium (20 nm)/pentacene (170 nm). Circle dots data (with no line) shows
the |-V curve for a single layer device (400 nm of pentacene) without the top Al
electrode and mechanically contacted with a thin gold wire. In this case, no
switching effects were observed. (b) Typical Arrhenius plots of the off-state
current (measured at 0.1 V) for the same single-layer and tri-layer devices. Inset:
current—temperature behaviours of the on-state current for both structures.
Adapted with permission from*°. Copyright 2004 American Institute of Physics.

In another study based on single layer organic devices, a similar filamentary switching
mechanism was observed that was instead found to be due to the formation of filaments that
arose during the evaporation of the top Ag electrode®. Time-of-flight secondary ions mass
spectrometry (ToF-SIMS) imaging was used to investigate metal diffusion and conductive
filament formation in devices made from tris(8-hydroxyquinoline)aluminium (Alqgs)
sandwiched between ITO and Ag electrodes. Alqs is a material of general interest in the field
of organic electronics and has been broadly explored as an amorphous organic semiconductor
for use in non-volatile memories. It was the first material to demonstrate organic non-volatile
multi-bit storage ability®! and it has exhibited both reliable unipolar and bipolar switching



properties®?>3. It has also be widely used as an electron transport layer in organic LEDs
(OLEDs)*L. In the study of filamentary switching in ITO/Algs/Ag devices the diffusion of Ag
atoms in as-deposited (fresh) devices was discovered to be localised along statistically
distributed paths rather than along a laterally averaged diffusion profile. Depth profile
analysis showed that the Agt™ ions had diffused through the organic Algs layer (300 nm) to
the bottom ITO electrode, most likely driven there as a consequence of field assisted diffusion
processes during the deposition of the Ag top electrode, Figure 5a. It was also found that in
as-deposited devices, conductive Ag" filaments were present that had lengths up to 200 nm
beneath the Ag/Alqs interface. Electrical cycling between the LRS and HRS states indicated
breaking and re-forming of the filaments, as evidenced by changes in the Agt™ intensity close
to the Ag/Alqgs interface and a rise in AgOs"™) and AgSO"™) species, indicating inactivation of the
filament by local oxidation. In the LRS state the conduction mechanism was ohmic but when
the filament was ruptured to form the HRS state, conduction instead occurred by tunnelling,
which pointed towards a conduction mechanism based on pathways consisting of multiple
disconnected metal islands.
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Fig. 5. ToF-SIMS 3D imaging of ITO/Alq3/Ag memory device. The YZ cross section
reconstruction shows the distribution of Ag(~) (top electrode) and In,0,(7) (ITO) on
CF region in (a) as-deposited, (b) cycled-HRS and (c) cycled-LRS devices. Panels
(d)—(f) are the normalized depth profile reconstructions in the CF region. Oxygen
and silver oxide/sulfide AgOs(~) and AgSO(~) peaks (not separated) are displayed
to visualize metal oxidation. The oxidation and drop of the Ag signal at the
Ag/Alqs interface (panel (e)) are interpreted as an indication for filament
breakdown. Reprinted with permission from>°. Copyright 2015 AIP Publishing LLC.



Many but not all organic and hybrid materials devices exhibit negative differential resistance
(NDR) behaviour within their I-V characteristics for a range of applied voltages higher than
the threshold switching voltages®3. NDR behaviour appears in devices that show a current
decrease upon increasing applied voltage, typically after a SET process. The process occurs as
follows. The devices are initially in the Off state and the current increases gradually with
voltage. Once reaching the threshold voltage, the devices switch to the On state, followed by
a local current maximum (when V = Vinax) and then a NDR region where the current decreases
with increasing voltage. The devices have clearly distinguishable non-volatile HRS and LRS
states for applied voltage values lower than threshold voltages. Applying voltages above the
NDR region switch the devices back to their Off states. NDR behaviour has been found in both
bipolar and unipolar resistive switching devices.

The origin of hysteresis memory and NDR phenomena in single organic layer devices is
still under debate, even though a considerable research effort has taken place to try and
ascertain the origin of the phenomena. Fundamentally, two switching mechanisms have been
applied in an attempt to explain the switching memory phenomena in single layer devices,
namely nano-trap charging/discharging based processes and the formation and rupture of
conductive filaments (filamentary switching). These two switching mechanisms are briefly
discussed below.

3.1 Charging/Discharging Based Memories

Some bistable memory and NDR effects have been attributed to the presence of metal NPs
embedded within an insulating layer. The NPs can be mixed directly in solution within the
material to be deposited or can be formed and diffused into the insulating layer during the
deposition of the top electrode. The insulating materials can be small organic molecules (e.g.
Algs) or polymer materials (e.g. polystyrene). Non-volatile memory effects have also been
reported in conjugated polymer systems, such as that shown in Figure 6, where devices were
made from the conjugated polymer polyaniline decorated with gold nanoparticles>*.

In the case of nanoparticles formed during the deposition of the top electrode, it has been
reported that switching in both small organic molecules and polymer materials is the same,
even though they have very different nanoscale morphology®>. The former material is
amorphous in nature (when evaporated quickly), whilst the latter consists of a dense tangle
of polymer chains. The research investigated Algs and polystyrene as the small organic
molecule and polymer material, respectively. ITO coated glass was used as the bottom
electrode and thermal evaporation of the Al was used for the top electrode. TEM studies
confirmed the existence of metal islands within the insulators and indicated that they formed
and diffused there during the deposition of the top Al electrode. The devices showed a
unipolar switching behaviour with NDR, resulting from a charging and discharging effect.
Initially, the devices were in the Off state, and then switched into the On state when the bias
was at the threshold voltage (Vi»). Charging was maintained by the high voltage applied up to
Vmax, however at voltages higher than this an NDR effect was observed. The system
discharged completely when the applied voltage was switched off, V = 0, and returned the
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device back to the Off state. The characteristics of the I-V curves were similar to that observed
in Figure 6b) for the polyaniline nanofiber/gold nanoparticle composite. Note that the /-V
characteristics did not show a memory switching effect for devices fabricated by sandwiching
the insulating matrix in between two preformed metal electrodes, which confirmed that the
charging/discharging effect is induced by the diffused metal nano-traps formed during the
thermal evaporation process.

Current (A)

Fig. 6. (a) TEM image of the polyaniline nanofiber/gold nanoparticle composite
and (b) I-V characteristics showing the non-volatile memory effect. NDR is also
observed as the voltage is swept between +3 and +4 V. Adapted with permission
from>%. The Copyright 2005 American Chemical Society.

The thickness and material characteristics of the insulator and the different formation and
diffusion properties of the NPs have a significant influence on the bistable memory effect in
single layer devices. For example, it is found that the bistable memory effect induced by
diffusion of Al NPs into pentacene in a Al/pentacene/Al device structure occurred with a
pentacene thickness range between 150-600 nm>®. Devices with pentacene thickness below
150 nm showed only a high conductivity (On) state, indicating a high amount of Al NP
diffusion, whereas devices with pentacene thickness above 600 nm showed only a low
conductance (Off) state and without switching into the On state even at higher applied
voltages, indicating a low amount of Al NP diffusion across the pentacene layer. On the other
hand, devices based on the AI/AIDCN/AIl structure with an AIDCN (2-amino-4,5-
imidazoledicarbonitrile) thickness of 50 nm did not show any bistable memory effects®’.
Switching was observed in AIDCN devices, but only when a thin Aluminium layer (acting as a
charge trapping layer) was physically inserted between two 50 nm AIDCN layers. This result
indicates that the formation and diffusion of Al NPs does not occur in AIDCN under these
conditions (as it did for pentacene) and that one must be careful when applying similar
processes to making devices with different organic materials.
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The above studies highlight more generally the challenges in elucidating the mechanisms
involved in these systems and the need for much more work to be done in this area (see
recent review>’). The problem is difficult, and understanding is exacerbated by the complex
nature of organic materials themselves and their very different and wide-ranging properties.
Organic materials can be electrically insulating, semiconducting, highly conducting, and even
have metallic-like conductivity®8. They can have very different morphologies, and this can be
important for devices properties at both the molecular and macroscopic level (e.g. highly
crystalline, amorphous, polymeric (chains can be disordered or partially crystalline), granular,
or have more complicated morphologies as in composite materials where clustering,
aggregation and phase separation can occur). The electronic levels (HOMO, LUMO) and
polarizability of the molecules are important as well as the presence of chemical defects,
electronic trap states and interfacial effects between the materials and contact electrodes.
For device applications, the long-term stability of such systems and the influence of ambient
conditions such as exposure to air and moisture>>® are also important aspects to consider.

3.2 Conductive Filament Based Memories

Bistable switching in organic memristors has also been explained by a filamentary switching
mechanism, based on the formation and rupture of conductive filaments. Two types of
conductive filaments have been reported, carbon-rich filaments formed by a local
degradation of organic and polymeric materials, and metallic-like filaments formed by a redox
reaction (also called electrochemical metallization ECM) of metal ions migrating from reactive
electrodes. The latter has been reported in not only organic materials but also oxides and
perovskites-based devices®2, making it more common than carbon-rich filament formation.
Fundamentally, ECM memory cells use a switching material, termed a solid electrolyte®,
sandwiched between an active metal electrode, e.g. Ag or Cu, and an inert electrode, e.g. Pt
or W. The pristine ECM device is in a HRS state and a forming step is necessary to initiate the
device. Application of a positive/negative voltage to the active/inert electrode ionizes the Ag
atoms (Ag* cations) at the Ag/organic or polymer interface. Under high electric field, the Ag*
migrates to the inert electrode, where the neutral Ag atoms are accumulated and begin
forming a filament(s). Once the grown filament reaches the active electrode (Ag), the device
switches into the On state (SET process). On the other hand, application of a negative voltage
to the active electrode dissolves the formed filament, resetting the device into the Off state
(RESET process). Note that, for unipolar switching memristors, the RESET process is instead
induced by a Joule heating process, whereby a rupture of the conductive filament occurs at
the narrowest region because of the high current®?.

Conductive Ag channels have been demonstrated in organic based memristors having
the architecture of Ag/ WPF-BT-FEO polymer/heavily doped p-type Si®*. The devices showed
bipolar resistive switching with sharply transitioning SET and RESET processes at positive and
negative voltage polarities, respectively. The conductive channels and their chemical
composition for the pristine and cycled LRS and HRS states were investigated by TEM and
EDX, as shown in Figure 7. Initially, the pristine device showed a HRS at 0 V due to the absence
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of a conductive channel across the polymer layer. In this state, EDX measurements showed
that Ag had penetrated into the polymer to a depth of about 10 nm during the evaporation
of the top Ag electrode. Cycling the device between SET and RESET processes caused the
formation and rupture of conductive channels (filaments) with a mechanism as follows: Under
the application of a positive voltage polarity on the top Ag electrode, Ag* metal cations are
formed and drift into the negatively biased heavily doped p-type Si electrode, which causes
the Ag conductive filaments to grow. The formation of Ag filaments is based on chemical
oxidation and reduction reactions at the Ag/polymer and polymer/Si interfaces, respectively.
The Ag filament continues to grow across the polymer layer (dark regions within the polymer
layer, Figure 7b) and connects the top and bottom electrodes, sometimes even extending into
the bottom electrode, Figure 7e. This process sets the device into the LRS at a SET voltage of
about 5 V. Under the application of negative voltage polarity, an electrochemical dissolution
happens somewhere along the filament, breaking the channel between the two electrodes,
Figure 7c, and switching the device into the HRS at the RESET voltage of =3 V.
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Fig. 7. (a, b, and c) Cross-sectional TEM images of memory cells in the HRS
(pristine), the LRS (after SET process at 5 V) and the HRS (after RESET process at
-3 V) states, respectively. (d, e, and f) EDX analysis for Ag element profiles along
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the dotted lines marked in (a)—(c). Reprinted with permission from®*. Copyright
2011 WILEY-VCH Verlag GmbH & Co.

4.  Hybrid Organic-Inorganic Nanocomposite Devices

Hybrid organic-inorganic nanocomposites have recently emerged as potential candidates for
flexible resistive switching memories owing to the benefits of combining the electronic
properties of metals and semiconductors with the solution processing advantages of organic
materials. These benefits include low cost, large area coverage on flexible and lightweight
substrates, low temperature and vacuum free processing, and the use of simple fabrication
techniques such as spin coating®, screen printing or Langmuir-Blodgett methods®®. Blending
of metal NPs within an organic host matrix presents a simple way to fabricate hybrid resistive
switching devices. A novel memristor, consisting of a polystyrene (PS) film having gold NPs
and 8-hydroxyquinoline (8HQ) sandwiched between Al top and bottom electrodes, was
demonstrated in 2004 by Ouyang et al.,®’. The I-V characteristics of the device are shown in
Figure 8. In its pristine form, the fabricated device exhibited a low conductance with a current
of about 107 A at a low applied positive voltage of =1.5 V. Once the applied voltage reached
the threshold voltage of Vin = 2.8 V, a sharp transition to higher conductance was observed
with the current increasing to 107° A, curve A. This high conductance state was maintained
during the subsequent voltage sweep, curve B, showing a good stability of the device.
However, the device abruptly switched back to its low conductance state upon application of
a negative voltage of — 1.8 V, decreasing the current to 107° A, curve C. Interestingly, the
device showed very fast write/erase switching upon application of +5V /2.3 V pulses with a
pulse width of 25 ns. This very fast, nano-second scale switching was attributed to an electric
field induced switching mechanism in which the 8HQ and Au NPs act as electron donors and
acceptors, respectively. At low applied positive electric field, the number of free carriers is
small, resulting in a low conductance state. However, at high applied positive electric field, a
charge transfer between the 8HQ and Au NPs takes place, charging the 8HQ positively and
the Au NPs negatively. This field induced carrier generation process switches the device to
the high conductance state. Upon the application of a negative electric field the process
reverses, resulting in a switch back to the low conductance state.
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Fig. 8. a) I-V characteristics and b) write—read—erase cycles with ultra-fast
nanosecond switching between low and high resistance states (<25ns) in an Al/Au
NPs:8HQ:PS/Al device. Adapted with permission from®’. Copyright 2004 Nature
Publishing Group.

Flexible memristor devices based on a hybrid material of Au NPs embedded in poly (N-
vinylcarbazole) (PVK) have been developed?!. The hybrid material was sandwiched between
an ITO coated poly(ethylene-terephthalate) (PET) substrate (bottom electrode) and Al (top
electrode). The devices showed a bipolar switching effect with an Off/On resistance ratio of
10° and high endurance and retention performance of 1.5 x 10° cycles and 10° s, respectively.
The Off/On resistance ratio was found to be significantly dependent on the Au NP
concentration, as illustrated in Figure 9b, where it is shown to increase with increasing Au NP
concentration from 0.36 % to 0.44 %, and then decreased at 0.48 %, because of the formation
of Au agglomerations that diminish the trapping effect at the Au NP sites, thereby reducing
the storage capability of the device. Capacitance-Voltage (C-V) measurements on the devices,
shown in Figure 9a, further confirm the trapping effect is induced by the Au NPs, since the
hysteresis behaviour is only observed in the hybrid Au NPs:PVK system, while no hysteresis
behaviour is observed in a control device consisting of only PVK film, inset Figure 9a.
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Fig. 9. (a) C-V measurements of Au/p-Si/SiO> (5 nm)/Au NPs:PVK/Al with a MIS
structure at 1 MHz. The top left inset shows the fabricated device structure. The
bottom right inset shows the C-V curve for the control sample without Au
nanoparticles. (b) I-V characteristics of ITO/Au NPs:PVK/Al devices on PET and
glass substrates. The inset shows the SEM cross-sectional view of the fabricated
device. Reprinted with permission from'. Copyright 2010 American Chemical
Society.

More recently, memristor switching has been demonstrated in nanocomposites consisting of
Au NPs suspended in graphene oxide (GO) films deposited between ITO and Al electrodes®®.
In this work, two device types were fabricated including a control device (GO without Au NPs)
and the nanocomposite device (Au NPs:GO) with Au NP concentration of 0.05%. A forming
process was needed to initiate the devices, ranging from 2 to 6 V depending on the Au NP
concentration. A current limit of 1 mA was applied to prevent permanent breakdown. Both
device types showed a bipolar switching behaviour with sharp SET transitions at positive
voltage, as shown in Figure 10a and 10b. The embedded Au NPs in the GO act as trapping
centres, which improved the Off/On resistance ratio up to 3 orders of magnitude in contrast
to the control device, which showed an Off/On resistance ratio of about 1 order of magnitude.
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In addition, introducing the Au NPs improved the stability and uniformity of the relative
fluctuations of the set voltage (Vser) / reset voltage (Vreser) and resistance Off/On ratio
(HRS/LRS), which reduced from 28.9%/47.3% (HRS/LRS: 32.2%/38.5%) to 11.2%/15.1%
(HRS/LRS: 20.6%/5.9%), as shown in Figure 10c and d. The improvement in the resistive
switching properties was attributed to the change in the conductive path distribution formed
during the LRS, which changed from being homogeneous in the control device to
inhomogeneous (localised positions) for the hybrid Au NPs and GO device.
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Fig. 10. (a) I-V characteristics of an ITO/GO/Al control device (without Au NPs).
The inset shows the schematic device structure. (b) |-V characteristics of an
ITO/Au NPs:GO/Al hybrid device (with Au NPs). (c) and (d) Distributions of
Vser/Vreser and HRS/LRS of 100 cycles for devices with and without Au NPs,
respectively. Reprinted with permission from®®8. Copyright 2020 AIP Publishing.

Similar improvement in the resistive switching properties has been observed in
nanocomposites consisting of silver nanoparticles (Ag NPs) dispersed in PMMAZ®°. The devices
showed a HRS when the applied voltage was swept from +Vmax to =Vmax, With @ smooth
transition to the LRS after exceeding a critical amplitude of the applied voltage, Figure 11.
During the reverse sweep from —Vmax to +Vmax, the devices remained in the LRS and then
switched back to its initial HRS at +Vmax. The device containing only a Ag NP thin-film
deposited in between ITO and Al electrodes exhibited a low storage capacity as the Off/On
resistance ratio was less than 1 order of magnitude (about 12), as shown in Figure 11a.
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However, the Off/On resistance ratio improved by 4 orders of magnitude in the
nanocomposite device, see Figure 11b where Ag NPs have been deposited within the PMMA
material. The PMMA layer plays a key role in enhancing the Off/On ratio by controlling the
resistance states. The PMMA polymer cannot be used alone however, since the memory
effect is due to the presence of Ag NPs since no switching was observed in a device having
only a PMMA layer. The bi-stability in the nanocomposite device and the pure Ag NP device
is ascribed to the trapping and de-trapping effect. In the case of the nanocomposite device,
the charge carriers are trapped better because of the surrounding PMMA polymer, which
limits leakage and discharge effect to the electrodes, resulting in a higher HRS in comparison
with the device containing only Ag NPs.
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Fig. 11. (a) I-V characteristics of an ITO/Ag NPs/Al device. The inset shows TEM
image of Ag NPs. (b) |-V characteristics of a nanocomposite based device,
ITO/PMMA:Ag NPs/Al, (black curve) and PMMA control device, ITO/PMMA/AI,
(green curve). The inset shows the voltage dependence of the On/Off current ratio
of both Ag NP based device and that of composite device. Adapted with permission
from®3. Copyright 2009 American Institute of Physics.

Quantum dots (QDs) have emerged as an excellent material for potential memory and
neuromorphic applications due to their unique tunable electronic and optical properties’®’:,
Blending QDs in organic/polymer materials can be used to play a key role in modifying the RS
characteristics of nanocomposite-based memristors. For example, a nanocomposite crossbar
memristor device based on CdSe QDs (3.56 nm diameter) and poly(4-vinylpyridine) (PVP)
sandwiched between Al electrodes, Al/CdSe-PVP/AIl, has been synthesized’?. The device
exhibited robust /-V bipolar resistive switching characteristics (150 sweeps), high Off/On
resistance ratio (6.1 x 10%), long retention (35000 s), and low operating SET/RESET voltages
(+0.8 V), Figure 12. Additionally, the device showed ultrafast switching (41 ns) and ultralow
power consumption of 4.16 uW in the LRS and 80 pW in the HRS. These enhanced properties
were attributed to the blending of CdSe QDs in the PVP polymer since a control device
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consisting of just the PVP film (Al/PVP/Al) showed poor switching and a low conductance even
at high applied voltages (£3 V).

Recently, the optical properties of QDs have also been used to modify the resistive
switching properties of hybrid QDs/polymer memristors. Zhiliang et al., demonstrated an
ultra-stable broadband photoelectric tunable crossbar memristor using hybrid PbS QDs
dispersed in PMMA and sandwiched between ITO bottom and Ag top electrodes’3. The device
showed a photoelectric response in the spectral range between 405 nm and 1177 nm. Upon
illumination within this spectral range, the device current increased from 10'2 Ato 10° A and
then decreased to 10*2 A when the light was switched off (dark). Particularly interesting is
that with illumination by light of shorter wavelength, e.g. 405 nm, the operating SET voltage
of the device decreased from 1.1V to 0.25 V. The optoelectronic effect and the controlling of
the SET voltages was ascribed to the creation of additional electrons and holes in the material,
which better facilitated the formation of Ag conductive filaments across the device.
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Fig. 12. (a) I-V characteristics of the Al/CdSe-PVP/Al device between -0.8 V and
+0.8 V. (b) I-V characteristics on a semi-log scale for the 15, 50", 100", and 150"
switching cycle. (c) Variation of lon/ lorr with the applied voltage for the 15, 501",
100", and 150" switching cycle. (d) Endurance test. (e) Retention test of the
device at +0.4 V. (f) RAM characteristic of the device. A sequence of pulses “erase
(-1 V) - read (+0.4 V) - write (+1 V) - read (+0.4 V)” with a pulse width of 6 s
each was applied. An enlarged view of one cycle is shown on the right-hand side
where E, R, and W represent erase, read, and write, respectively. Reprinted with
permission from??. Copyright 2022 American Chemical Society.

Recently, an investigation was carried out to understand contrasting views in the literature
between studies that have used different nanostructured materials. Direct comparison of
literature results has always been difficult as different research teams use different materials
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and processing techniques. With this in mind, nanostructured ZnO was examined in two
forms, nanorods and nanoparticles’®, where both nanostructure geometries were embedded
ina PMMA layer located between Au top and bottom electrodes in a crossbar structure giving
the following device architectures, Au/ZnO NPs:PMMA/Au and Au/ZnO NRs/PMMA/Au. Both
device types required no forming process to initate switching and both exhibited bipolar
switching behaviour at low applied sweeping voltage as shown in Figure 13. The
nanostructure geometry was found to have a significant effect on the switching properties
and conduction mechanisms. For example, the hybrid ZnO NRs/PMMA based devices showed
a smooth transition between the HRS and LRS with a low Off/On resistance ratio of about 30,
Figure 13a. This contrasted with the observation of sharp transitions between the two states
in hybrid ZnO NPs:PMMA based devices, which had instead a higher Off/On resistance ratio
of about two orders of magnitude, Figure 13b. It was suggested that the smooth transition in
the ZnO NRs devices was due to the existence of an insulating barrier region between the tips
of ZnO NRs and the top Au electrode, which modulates the conduction mechanism from
Poole-Frenkel to Schottky emission during switching from the LRS to the HRS and vice-versa.
In contrast, the sharp transition in the ZnO NPs devices was attributed to a charge
trapping/de-trapping effect and the formation of a space-charge field. In addition, the ZnO
NR based devices showed an initially high conductance state, which indicates that the ZnO NR
surface contained a large amount of surface defects (oxygen vacancies). In contrast, the ZnO

NP based devices showed an initially low conductance state, which suggests the NPs are
uncharged in their initial state.
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Fig. 13. |-V characteristics of a) an Au/ZnO NRs/PMMA/Au device and b) an

Au/Zn0O NPs:PMMA/Au device. Reprinted with permission from’%. Copyright 2019
IEEE.

Flexible memristors have been fabricated using graphene oxide (GO) in hybrid structures’~
80, GO is considered an excellent candidate for future flexible and transparent electronic
applications due to its high mechanical flexibility, high optical transparency, band gap
tunability and low cost’®8%, A bistable electrical switching effect was demonstrated’”” in a
100 nm thick hybrid GO:PVK thin film sandwiched between ITO and Al electrodes. The device
exhibited bipolar switching behaviour with an Off/On resistance ratio of about four orders of
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magnitude, as shown in Figure 14a. The device also showed high-stability memory retention
(up to three hours) and extremely high endurance (up to 102 cycles) for both On and Off
states, Figure 14b and c. Similar results have also been reported by the same group for hybrid
devices made from triphenylamine-based polyazomethine (TPAPAM) and GO thin film (50 nm
thick)®L. The switching processes between the On and Off states in both hybrid systems were
explained by an intramolecular charge transfer (CT) interaction between the polymers and
graphene oxide, which reduced the GO upon biasing the devices. In this scenario the polymer
acts as a tunneling barrier for charge transport between the neighboring GO nanosheets and
limits the electrical conductivity of the hybrid system. The devices in their pristine state were
initially in the Off state. Once the applied voltage reached the switching voltage, transport of
electrons from the peripheral vinylcarbazole groups into the graphene oxide occurred,
resulting in a reduction of the graphene oxide. Electrons can propagate between the
graphene nanosheets through a hopping process, which switched the system to the On state.
On the other hand, reversing the applied voltage polarity removed electrons from the
graphene oxide nanosheets, switching the system back to its initial Off state.
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Fig. 14. (a) J-V characteristics of the Al/GO-PVK/ITO device. The inset shows three
write-read-erase-read-rewrite cycles. (b) Retention measurements for the On and
Off states of the Al/GO-PVK/ITO device under a constant stress of -1 V. (c)
Endurance measurements under a continuous read pulse with a peak voltage of —
1V, apulse width of 1 us, and a pulse period of 2 us. The inset shows the voltage
pulses employed for the device stability test. Adapted with permission from’>.
Copyright 2009 American Institute of Physics.
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Modification of the resistance switching by dynamically changing the thickness of the active
switching material has been reported’’ for a hybrid system consisting of graphene oxide (GO)
flakes embedded in a polar beta-polyvinylidene fluoride (B-PVDF) polymer. The polar B-PVDF
polymer is a ferroelectric/piezoelectric material that can contract/expand upon application
of an external electric field. The devices were formed by depositing a 120 nm thick film of the
hybrid (B-PVDF):GO material between ITO and Al electrodes. Bipolar resistive switching was
observed, as presented in Figure 15. The proposed model for the resistive switching
mechanism was based on the change in dimensions of the hybrid system upon application of
an external potential. It was expected that application of a positive electric field in the
direction from the ITO to the Al contracted the hybrid material, which facilitated the
formation of conducting pathway(s) between the two electrodes and resulted in a transition
to the On state, Figure 15b. Conversely, application of a negative electric field expanded the
layer, rupturing the charge carrier’s pathway(s), and hence resetting the device to the Off
state, Figure 15c.
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Fig. 15. Representation of the model which demonstrates the shape and size of
the B-PVDF:GO composite under application of an external E- field, (a) before the
SET E-field, (b) near and above the breakdown SET E-field (polar PVDF contracts
under positive E-field), and (c) near and just below the RESET negative E-field
(polar PVDF expands under negative E-field). The I-V cycle indicates the SET and
RESET processes with a possible piezoelectric based model. Reproduced from’’
with permission from the Royal Society of Chemistry.

The control of resistive switching by optical means has been demonstrated in a hybrid
(organic-inorganic) composite system containing ZnO NRs embedded in poly(disperse red 1
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acrylate) (PDR1A) matrix®2. PDR1A is an optically active azobenzene polymer, which can
expand and contract upon irradiation with wavelength- and polarisation-specific light. The
ZnO NRs (about 200 nm length) were grown vertically onto ITO coated glass substrates by a
hydrothermal assisted microwave technique. After this, PDR1A (110 nm thick) was deposited
onto the ZnO NR film followed by deposition of top Al electrodes to give the device structure
of ITO/ZnO NR/PDR1A/Al. The entire solution-based process offers a simple and low-cost
route for the fabrication of optically tuneable memristor devices.
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Fig. 16. (a) Expansion (red curve) and contraction (blue curve) of the PDR1A film
upon irradiation with circularly and linearly polarized light, respectively. (b)
Optical modulation of the |-V properties before irradiation (black), directly after
irradiation with circularly polarized light (red) and after linearly polarized light
(blue). (c) Schematic of the optical resistive switching memory. Reproduced from?®?
with permission from the Royal society of Chemistry.

The reversible change in thickness of PDR1A upon irradiation controlled the resistance of the
hybrid system. The thickness of PDR1A can be expanded up to about 30% upon irradiation
with circularly polarised light (Ar* laser, 514 nm) for 20-30 minutes and contracted back to its
initial thickness upon irradiation with linearly polarised light (Ar* laser, 514 nm) for 15
minutes, as can be seen in Figure 16a. In their pristine state, devices exhibited typical bipolar
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switching with an Off/On resistance ratio of about 10 during sweeping between-3 Vand 3V,
black curve in Figure 16b. lllumination of the device with circularly polarised light for 20
minutes expanded the thickness of the PDR1A film, resulting in an increase in the resistance
of the device and a shift in the entire I-V curve to lower value, red curve in Figure 16b. In
contrast, illumination of the device with linearly polarised light for 15 minutes contracted the
PDR1A film to its initial thickness, decreasing the resistance of the device and shifting the /-V
curve to its original value, blue curve in Figure 16b. The smooth transition between On and
Off states was associated with the migration of oxygen vacancies at the tips of the ZnO
nanorods®. Similar approaches have since been used to control the resistive switching
properties of memristor devices by optical means using gold Au NPs ', ZnO NPs® and TiO;
NRs 8 embedded in PDR1A.

4.1 Effect of Loading Content

The loading content in hybrid organic-inorganic nanocomposite memristors has a significant
effect on the resistive switching properties. For instance, changing the concentration of
nanoparticles within the host matrix controls the Off and On resistance values and their
Off/On resistance ratio. The effect of loading concentration on the resistive switching
properties has been studied in nanocomposites consisting of ZnO NP embedded in PMMA’4,
In this study, different concentrations of ZnO NPs:PMMA were used ranging from mass
fraction 0 to 0.25, as shown in Figure 17. It was found that the resistive switching effect was
either not observed or is greatly diminished at both low and high NP concentrations. At very
low NP concentration, charge storage cannot occur in the devices, whereas at high
concentration either the charge dissipates away to the electrodes or there is a localised
conducting pathway between the two electrodes, causing a short-circuit. Between the low
and high concentrations there is an optimum concentration where the resistive switching
effect is maximized. In the ZnO NP system investigated, this occurred at the ZnO:PMMA mass
fraction of 0.19. This can be seen in Figure 17b, which shows the current of the On and Off
states as a function of the NP concentration on the right axis and the calculated Off/On
resistance ratio on the left axis. The graph clearly shows the On and Off currents are increased
with increasing NP concentration. In addition, the Off/On resistance ratio reached a maximum
of about 4 orders of magnitude at the mass fraction of 0.19, and then decreased at higher NP
concentration. The latter occurring because of increased particle-particle tunnelling at
reduced NP separation.
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Fig. 17. (a) I-V characteristics of a hybrid organic-inorganic nanocomposite
memristor (ZnO NP: PMMA) with different NP loading concentrations. (b) Plot of
the Off/On resistance ratio (left axis) and On and Off currents as a function of
ZnO NP concentration (right axis). Reprinted with permission from’*. Copyright
2019 IEEE.

Varying the NP loading in the host matrix also controls the SET voltage. This was shown in the
above study as well as others'®®. In one study, memristor devices consisting of carbon
nanotubes (CNTs) embedded in a poly(N-vinylcarbazole) (PVK) host polymer with a device
structure of ITO/CNT:PVK/Al were investigated®. In these devices, the SET voltage (turn-on
voltage) decreased from 2.5 Vto 1.8 V by increasing the CNT content from 0.5 to 2%, as shown
in Figure 18. Increasing the CNT loading from 0.5 to 2% decreased the average distance
between the nanotubes from 150 nm to 15 nm, which reduced the activation energy for
effective charge hopping and the threshold switching voltage. The plot also shows that the
On/Off current ratio is maximised at a CNT loading of 1.5 % (wt).
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Fig. 18. a) Structure of the poly(N-vinylcarbazole) carbon nanotube composite
material and b) SET voltage (left axis) and On/Off state current ratio of the
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ITO/PVK:CNT/AI devices (right axis). Adapted with permission from®>. Copyright
2009 American Chemical Society.

The loading content not only controls the RS properties, but also tunes the electrical
conductivity of nanocomposite systems. In a unique system consisting of Au NPs dispersed in
an optically active polymer, poly(disperse red 1 acrylate) (PDR1A), the electrical conductivity
of the nanocomposite as a function of the Au NP volume fraction has been studied?®. It was
found that the electrical conductivity sharply increased, up to three orders of magnitudes,
when the Au NP volume fraction increased from 0.033% to 0.065%, as shown in Figure 19a.
This increase in the conductivity is expected from the physical phenomenon of
inhomogeneous percolation, in which above a certain critical threshold, conducting Au NPs
form conductive nanochannels in the inert PDR1A matrix. Below threshold, the Au NP volume
fraction is too low to bridge the thin film, whereas above threshold, one or more bridging
paths can form across the thin film as shown in the TEM image for the nanocomposite thin
film with Au NP volume fraction of 0.065%, Figure 19b.
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Fig. 19. (a) Conductivity versus Au NP volume fraction in PDR1A. At each volume
fraction, the data points shown in the graph represent the average, maximum,
and minimum conductivity of the nanocomposite film. The black curve represents
a guide to the eye for the trend. The pink curve represents a plot of the
supercritical function showing a good match to the experimental percolation
regime, assuming a percolation threshold of 0.04% and a supercritical exponent
t=1. Theimagesillustrate the segregation of NPs below, at and above percolation
threshold. (b) TEM image of an annealed thin film of Au NPs dispersed within
PDR1A at a volume fraction 0.065% and showing the inhomogeneous distribution
of NPs and the development of a filamentary pathway extending across most of
the bulk film. Reprinted with permission from'®. Copyright 2019 WILEY-VCH Verlag
GmbH & Co.

5. Memristor Printing Technologies and Benefits

There is increasing interest in constructing new printed electronic devices on flexible
substrates for applications where it is necessary that the material can fold, bend and
sometimes even stretch®. This new form of electronics offers new product paradigms (e.g.
wearable electronics) that are not possible with the use of conventional semiconductor
devices which require rigid substrates. Printed electronics offers the advantages of simple
fabrication technologies with low capital and materials costs, as well as substrates such as
plastics and textiles that are lightweight®’. Since computer memory is a fundamental element
of almost all modern-day electronics®, the fabrication of high-performance printed memory
components such as memristors on flexible substrates is also important. However, most
existing memristor devices use materials that require deposition techniques such as thermal
evaporation, sputtering, atomic layer deposition and pulsed laser deposition®=22. These
techniques require high vacuum conditions and/or high temperatures, which make them
unsuitable for many of the lightweight and flexible substrate materials such as polymers and
fabrics. The methods are also costly and not suitable for large volume, high throughput, or
large-area fabrication. Printing technologies based on solution processing are however well-
recognized deposition techniques that can address the above-mentioned issues.

Printing technologies can be categorised into two main types: in-contact and non-
contact techniques. For in-contact techniques, the printing plate is in direct contact with the
substrate. These techniques include screen printing, flexography, gravure printing and soft
lithography. For non-contact techniques, only the printed materials are in contact with the
substrate and these techniques include aerosol and inkjet printing. Each of these techniques
has its own advantages and disadvantages. In the case of contact printing technologies,
screen printing offers speed and versatility for planar and roll-to-roll printing processes.
However, it suffers from low resolution under 30 um, large waste production and is not
suitable for low viscosity inks®3. Flexography and gravure techniques provide low cost and
high speed and are better than the latter for high quality patterns and low viscosity inks®3°4,
However, the halo effect (patterns with excess of ink) and cylinder life are considerable
limitations for the flexography printing and gravure printing, respectively®*2¢. For non-
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contact printing, aerosol and inkjet techniques can be used for many types of materials and
substrates. Aerosol printing is more applicable for complex designs and low temperature
processing, whereas inkjet printing is more suitable for low viscosity solutions and situations
where it is important to minimize waste. Aerosol and inkjet techniques, however, have the
limitation of low-quality patterning and slow speed, respectively ¥~

To date most organic and hybrid organic-inorganic composite memristors reported in
the literature have been fabricated on rigid substrates using spin coating and drop casting
techniques. This is often done for reasons of simplicity and efficiency in research, since it
provides a quick way to make a small number of devices for testing and characterisation
purposes. Although these are not printing techniques, the materials used can often still be
used in conventional contact and non-contact printing methods. If this is not the case then
spin coating and drop casting techniques still have solution processing advantages such as
high-speed vacuum free deposition in ambient conditions at low cost38°410L102 | the
following we discuss a few literature reports in which memristor devices have specifically
been printed onto flexible substrates.

Printed memristors based on organic and hybrid organic-inorganic composites have
demonstrated reliable and reproducible memory properties in terms of write/erase operation
speeds, retention and endurance capabilities, large Off/On resistance ratios, small switching
voltages and good scalability and mechanical flexibility®*768°, Flexible polymer-based crossbar
memristor devices (Ag/Nafion/Au) have been fabricated on polyethylene terephthalate (PET)
substrate using an electrohydrodynamic (EHD) printing technique!®. These devices were
forming-free, exhibited typical threshold voltage switching behaviour and have been
employed in a leaky integrate and fire neuron circuit. The printed array showed a good device-
to-device uniformity with a yield of 93%, demonstrating that EHD is a viable approach for
fabricating uniform flexible memristor devices. The devices also showed stable threshold
switching under mechanical flexing (up to 100 cycles) and high temperature conditions (up to
125°C). The resistive switching mechanism in these devices was attributed to the formation
and spontaneous rupture of Ag filaments across the device.

All-printed memristor devices based on a perovskite ZnSnOs and polyvinyl alcohol
(PVOH) nanocomposite material have been reported by Siddiqui et al.,1°*. The nanocomposite
material and Ag top and bottom electrodes (Ag/PVOHe:ZnSn0O3/Ag) were deposited on
flexible polyethylene terephthalate (PET) substrates via the electrohydrodynamic (EHD)
method with reverse offset printing. The device showed a non-volatile bipolar resistive
switching memory effect. With a positive applied voltage, the device initially existed in the
HRS until a SET process took place at about 1.5 V. Reversing the applied voltage switched
(RESET process) the device back into its HRS at about -1.5 V. The device also showed a good
stability for retention and endurance tests and significant mechanical flexibility upon
repeated bending (up to 1500 cycles) to a radius of 15 mm.

Printed memristors based on metal-oxides have also been demonstrated®>:1%_ A fully
printed memristor on a paper substrate using a sequence of screen-printing and inkjet
printing technologies has been reported %>, The devices were made from a resistive switching
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TiO, ink deposited via inkjet printing and used a carbon bottom and Ag top electrode
(Ag/TiO,/C) that were deposited via screen-printing. The devices required no forming process
and showed reproducible bipolar switching, good retention and endurance capabilities, a
tunable resistance Off/On ratio (achieved by controlling the TiO; thickness), and the ability to
operate under bending conditions. Moreover, the memristors were printed onto items and
living objects for multifunctional, wearable, on-skin and bio-compatible applications as shown
in Figure 20. The paper memory device labelled onto undeformed hand skin exhibited
repeatable switching for 1000 cycles and operated normally under compressed and stretched
skin condition wears. For long-term use there was also no skin irritation.
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Fig. 20. Bending test and on-chip and on-skin applications. (a) Off/On resistances
as a function of bending radius of curvature. The inset shows a series of images
of the device under different bent conditions. (b) Off/On resistances as a function
of bending time with a bending radius of ~10 mm. (c) lllustration of the equivalent
circuit for the pulse measurement system. The inset illustrates the condition of
the input pulse, which is composed of a 100 us duration, 6 V pulse for the write
operation and a 200 us duration, 3 V pulse for the erase operation. The reading
voltage used was 0.5 V. The switching characteristics of memory labels tagged on
(d) a smart cell phone (flat surface: r=20), (e) an AA battery (r= 14 mm), and (f)
undeformed skin of the human body. The switching characteristics of the paper
memory on (g) compressed and (h) stretched skin of the human body. Reprinted
with permission from°>. Copyright 2014 American Chemical Society.
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It is worth mentioning that printed memristors fabricated on rigid substrates have also been
reported in the literature. For instance, inkjet-printed 2D materials-based memristors®’, fully
printed memristors made from Cu-SiO; core-shell nanowire composites??, and bilayer printed
memristors based on two organic polymers (MEH:PPV and PMMA)%, All of these device
types were fabricated on glass substrates but could easily have been deposited on flexible
substrates since the materials and fabrication methods used are compatible with flexible
substrates.

6. Flexible Neuromorphic Memristors for Computing Applications

In this last section the use of printed and flexible memristors in the exciting new field of
neuromorphic computing is discussed. Here the benefits of lightweight, ultra-thin and flexible
devices would permit new high-performance and energy efficient neuromorphic computing
devices for use in applications such as portable devices and wearable electronics.

The fabrication and integration of artificial synapses as both memory and computing
elements in neuromorphic and mem-computing applications is emerging as a viable approach
to overcome the bottleneck limitations of traditional von Neumann computing and the recent
scaling problems of semiconductor structures associated with the end-of-Moore’s law
computing!®, Memristors have emerged as next generation memory devices for
neuromorphic computing systems since they emulate the analogue switching and learning
characteristics of biological neural synapses!®. Memristors with their simple, two-terminal
structure and crossbar architecture can be designed to function as artificial synapses and
achieve similar learning and memory properties of biological synapses. Hebbian theory
postulates that biological synapses can learn upon adapting to repeated signals/pulses!’.
Synaptic plasticity is a measure of this response over time and involves either a weakening
(depression) or strengthening (potentiation) of the synaptic connection. In the case of a
memristor, the synaptic plasticity is a measurement of its electrical conductivity®.
Memristors in their initial state show relatively low conductivity. Upon application of a series
of successive external electrical stimuli of a given polarity (or optical pulses in some cases),
the conductivity of the memristor increases. This can be considered as a potentiation of the
synaptic plasticity. Changing the polarity of the external stimuli and applying a series of
successive pulses decreases the conductivity of the memristors. This causes depression of the
synaptic plasticity. Figure 21 shows the potentiation and depression behaviour of a flexible
artificial synapse consisting of a resistive switching material based on the 3-D organic
biopolymer, lignin. The biocompatible and biodegradable lignin polymer that is derived from
wood, was sandwiched between ITO and Au electrodes and deposited onto a flexible
polyethylene terephthalate substrate. The device was potentiated by applying 50 consecutive
negative pulses (-0.7 V) with pulse width of 100 ms, and depressed by the application of 50
consecutive positive pulses (+0.7 V, 100 ms)'12. The device also exhibited short- and long-term
memory effects and operated with good stability when the substrate was bent.
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Fig. 21. Classical habituation phenomenon controlled by electrical pulses in an
artificial synaptic device and showing the incremental increase (potentiation) and
decrease (depression) of the current. Reprinted with permission from'? Copyright
2017 ACS Nano.

Spike-timing-dependent plasticity (STDP) is also a key tenet of Hebbian learning and has been
linked with sensory perception, spatial reasoning, language, and conscious thought in the
neocortex!!3, In STDP, learning and data storage depends on the modification of the synaptic
weight in response to timing (At) between action potentials from neighbouring neurons,
called pre-synaptic and post-synaptic spikes. The arrival of overlapping pulses can strengthen
the synaptic weight (potentiation) if the pre-synaptic pulse arrives before the post-synaptic
pulse, or weaken the synaptic weight (depression) if the post-synaptic pulse arrives before
the pre-synaptic pulse. In the case of memristors, the desired synaptic weight is achieved by
applying pre-synaptic and post-synaptic spikes separated in time (At)!4#2, Raeis-Hosseini et
al. demonstrated flexible and transparent artificial synapses using an implementation of a
renewable material of collagen extracted from fish skin with a device structure of
Mg/collagen/ITO/PET®. The devices exhibited STDP characteristics upon application of a pair
of stimuli consisting of a positive pulse (2 V, 10 ms), followed by a negative pulse (-3V, 10 ms)
on the presynaptic and postsynaptic neurons, see Figure 22. The brain-inspired electronic
synapse also exhibited desirable synaptic characteristics such as analogue switching,
potentiation and depression under flat and bent conditions, excitatory postsynaptic current,
and paired-pulse facilitation as short-term plasticity. The work demonstrates a significant
advance towards efficient analogue hardware implementation using renewable biomaterials.
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Fig. 22. Spike-timing-dependent plasticity (STDP) of the collagen-based artificial
synapse. The inset shows a schematic of the biological synapse. Reprinted with
permission from*>. Copyright 2018 WILEY-VCH Verlag GmbH & Co.

The development of wearable and implantable memristors provides a promising opportunity
to design low-cost and simple-to-make electronic artificial synapses for healthcare and
artificial intelligence applications. Recently, wearable neuromorphic computing networks
based on stretchable and conformable synapse memristors have been developed by M. Yang
et al.,'!®. The memristors were fabricated on polydimethylsiloxane (PDMS) as the substrate
layer by spin coating a solution of Ag nanoparticle-doped thermoplastic polyurethanes
(TPU:Ag NPs) as a switching matrix between Au electrodes. The devices showed non-volatile
switching properties under relaxed and stretched conditions (up to a 35% strain) as well as
demonstratable synaptic functions including potentiation and depression, STP and LTP,
“learning, forgetting and re-learning” behaviour, and spike-rate-dependent and spike-
amplitude-dependent plasticity. Whilst obvious applications include high-performance
stretchable and wearable electronics, interestingly, the overall architecture of this system has
the potential to conform well to the human brain, which is a highly curved object. Thus, the
work could potentially pave the way forward to the development of more complex “brain-
like” neuromorphic computing systems.

Besides non-volatile switching (non-temporal or long-term plasticity (LTP)), which is
required for memory applications*'’, memristors can also show volatile switching (temporal
or short-term plasticity (STP)) or temporal dynamic behaviour, which is desirable for
neuromorphic and reservoir computing (RC) applications such as speech recognition,
classification and time series forecasting3-118-121, Recently, the implementation of a physical
RC system has been developed using a 3D-structured, highly ordered mesoporous silica
(mSiO;) based memristor that is fabricated via a vacuum-free, low cost and high-speed sol—
gel solution processing technique®??. The 3D-structured mSiO; thin film was sandwiched
between TiN and Ag electrodes, TiN/mSiO,/Ag. Although the devices were made on standard
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silicon substrates, the processes used are still applicable for fabrication on flexible substrates.
The fast mobility and diffusivity of Ag* ion species migrating within the 3D porous structures
enable the STP behaviour and temporal dynamics. The RC system based on this mSiO;
diffusive memristor, demonstrated in situ learning capability and a classification accuracy of
100% on a standard machine learning dataset, see Figure 23. The devices also showed a
bipolar non-volatile switching effect when operated at high compliance currents (CC).
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Fig. 23. Training and performance evaluation of the mSiO, memristor-based
reservoir computing system. Training and (a) validation loss and (b) validation
accuracy as a function of training epochs. (c) Confusion matrix showing the
prediction results from the RC system against the ground truth in the test dataset.
Examples of letter patterns containing (d) one, (e) two, and (f) three random
noises. Confusion matrix showing the prediction results from the RC system
against the ground truth for letter patterns in the noisy test dataset containing
(g) one, (h) two, and (i) three random noises. Reproduced from'?? with permission
from the Royal Society of Chemistry.

7. Conclusions

Memristors are emerging as attractive candidates for next generation non-volatile memory
applications due to their fast-switching speeds, low power consumption, high data storage
density, and long cycling endurance and retention times. Whilst potentially filling the role as
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a universal memory with the possibility to replace conventional semiconductor-based
memory technologies (SRAM, DRAM and FLASH), memristors are leading the way in many
new and exciting avenues of research in the area of neuromorphic computing, where there is
a need to develop new portable, low-energy usage systems by overcoming the problems
associated with traditional von Neumann computing architectures such as serial processing
and the data-transfer memory bottleneck.

In the last several decades, organic and hybrid (organic-inorganic) composite materials
have received enormous attention worldwide because of the wide range of new applications
for printed electronics on flexible and lightweight substrates for applications in displays and
solar cells, and more recently, new market opportunities in wearable electronics. Printed
electronic fabrication techniques offer significant advantages including low cost, fast solution-
based processing methods and scalable fabrication of micro and nano- patterning on
lightweight, portable, curved, and flexible substrates. In the field of emerging memory
technologies, several exciting papers have recently demonstrated low power consumption,
ultrafast switching speeds and impressive performance for neuromorphic computing and
artificial intelligence applications based on printed organic and hybrid organic/inorganic
memristor devices.

Despite the great deal of attention that has been devoted in the last decade to the field
of organic electronics, there is still much remaining progress to be made for the practical use
of organic-based memories in commercial applications. In the field of organic memristors
there is still device-to-device variability in their manufacture, instability issues because of
changes in the ambient conditions (temperature, oxygen gas and moisture) and general
problems with fabrication yield and device failure with long-term write/erase cycling. Some
of these issues may be resolved with the use of hybrid organic-inorganic composite materials,
where there has been significant recent progress with demonstrations of devices with some
very excellent performance characteristics that are close to, and in some cases exceed,
industry standards. Further advances in this area look promising and should lead to more
interest from industry for use in real-world practical applications as well as the development
of new applications that have yet to be thought about, let alone discovered.
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