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To Be or Not to Be — Review of Electrical Bistability
Mechanisms in Polymer Memory Devices

Febin Paul and Shashi Paul*

Organic memory devices are a rapidly evolving field with much improvement
in device performance, fabrication, and application. But the reports have been
disparate in terms of the material behavior and the switching mechanisms in
the devices. And, despite the advantages, the lack of agreement in regards to
the switching behavior of the memory devices is the biggest challenge that
the field must overcome to mature as a commercial competitor. This lack

of consensus has been the motivation of this work wherein various works
are compiled together to understand influencing factors in the memory
devices. Different works are compared together to discover some clues
about the nature of the switching occurring in the devices, along with some
missing links that would require further investigation. The charge storage
mechanism is critically analyzed alongside the various resistive switching
mechanisms such as filamentary conduction, redox-based switching, metal
oxide switching, and other proposed mechanisms. The factors that affect

the switching process are also analyzed including the effect of nanoparticles,

development of organic devices and the
public demands for slimmer devices and
flexible, wearable technology.*°!

Organic memory devices (OMDs) are a
rapidly evolving field with much improve-
ment in device performance, fabrication,
and application. Much work has been done
in this field with reports about new mate-
rial propertiesi®® or device structurel® 3
or even novel fabrication techniques!-"!
being reported. But the reports have been
disparate and hugely diverse and, there
is no consensus of the observed electrical
behavior; this review article is thus intended
to present an overview of the development
of the field and the different mechanisms
that explain the switching behavior of var-
ious systems and contradictions among

the effect of the choice of polymer, or even the effect of electrodes on the
switching behavior and the performance parameters of the memory device.

1. Introduction

In the recent past, there has been a steady and gradual
improvements in the area of organic and polymer electronics.
With an increasing demand for cheaper electronic devices for
certain applications (for example, disposable electronics, envi-
ronmentally friendly materials, or green electronics), organic
electronics seems to be seated in a favorable spot to satisfy
these requirements. The contribution of organic electronics is
evident in the everyday life with organic light emitting diodes
(LEDs), wearable technologies, and organic solar cells.'*l One
such area that is undergoing a rapid evolution is the area of
the electronic memory device. The growth in this area is mostly
motivated by the simple fabrication process involved in the
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the reported work. Various works have
been compiled together in the context of
the materials and the device mechanisms
to understanding the factors that seem to
influence the device operation. Different
works have been compared together to discover some clues about
the nature of the switching occurring in the devices, along with
some missing links that would require further investigations.
Many open questions seem to arise too, for example, how can
one material exhibit charge storage switching behavior when
measured by one study and have a conductive filament (CF)
switching when investigated by other research group? This ques-
tion has been discussed in detail in Section 5 by considering the
example of a Tris(8-hydroxyquinoline)aluminium(III), commonly
known as Alqs;. But this material is not an exception; various
materials have been reported to exhibit a spectrum of switching
mechanism, which has been one of the reasons for the confusion
that persists to surround the memory devices even to this day.

There has been many reports that have published the resis-
tive switching mechanisms like conductive filament (CF) mech-
anisms, metal oxide switching, carbon-based switching, and
redox-based switching.>'37-22l Therefore these mechanisms
have been mentioned only superficially; the focus, however, has
been in the charge storage mechanisms wherein careful inspec-
tion of various studies has demonstrated a variety of meaning
that charge storage mechanism seem to carry. These nuances,
or differences in the meaning, have been pointed out and the
consequent consequence has been identified wherever possible.
Each of these has been portrayed as being various “models”
within the same umbrella of charge storage mechanism. This
has been done to clarify the term “charge storage” in the con-
text of when and how it is used.
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2. Scope and Motivation

A general overview of the large number of publications that
have been reported in the area of OMDs will reveal the complex-
ities, or rather simplicity as reported, on the subject. A number
of research groups have reported bistable non- volatile memory
devices but the results differ with varying materials and device
structure.”)l The problem is further compounded by the reports
of varying bistable switching even in the same system and
material. This points to the fact that the physics behind the
switching of systems and the corresponding material proper-
ties is not completed understood.?” The role of individual com-
ponents of the devices, the interplay of different components
with each other, the effect of the system taken as a whole, etc.,
need addressing. There is also a lack of complete understanding
about the mechanism of the switching and electrical bistability
in the nanocomposite memory devices that needs to be brought
to the attention of material engineers and theoretical physicists
and chemist alike to encourage greater cooperation and involve-
ment. Challenges such as reaching a consensus on the multiple
prevalent and often contrasting proposed mechanism of device
switching and non-volatile operation, need to be achieved before
this field can begin to mature into a commercial industry.?4l

Such muddled and murky explanations invoke the need for
a review article that brings together numerous works to identify
the questions that need addressing, recognize any relationships
that may exist, and acknowledge the gaps of knowledge that
needs reckoning in the future works. The collation of results from
diverse reports is therefore attempted in this review article, so
as to present different perspective on the subject and contested
opinions of interpretation of data results in order to achieve a big-
picture-view of the system and encourage further research- all this
in the limited scope of its ability. A number of review articles have
been published in the past;*2%2+* but this article is intended to
address a specific class of devices, namely, the memory devices
with admixtures of macromolecules and/or nanoparticles (NPs)
embedded in polymer matrices. These devices have largely
remained unaddressed by a lot of review articles, and those that do
mention these devices have done it only partially or superficially.

Further to the discussion of the switching mechanisms
and the device structure, much attention needs to be paid on
the materials used and the switching behavior that has been
observed. This can be clearly seen from Table 1, which out-
lines the device behavior that has been reported using the same
material- Alq3. This should clearly demonstrate the need for a
systematic investigation of the memory device that’s been fab-
ricated, so as to acquire ability to extract useful information
from the studies. Table 1 however, is incomplete at this point,
lacking in some information to put things in better context; will
be focused in depth in the following section.

The evolution and the development of the field will be
traced along with the various reported switching mechanisms.
The device behaviors will be explored to address the various
switching mechanisms like charge-storage mechanism, redox-
based switching, resistive switching due to conductive filament
formation, and metallic filamentary growth. The device struc-
ture will be analyzed to find any dependent factors that affect
the switching behavior of the devices. But a confession is due
in regards to the extent of the survey of reported works not
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Table 1. The table indicates the devices that have been fabricated using
Tris (8-hydroxyquinoline) aluminium (Ill) (known as Alq3); Despite
the use of same material, and in cases, similar device structure, the
switching mechanisms have been reported to be quite diverse; There
has been a lack of consensus about the mechanisms which begs the
question, as to what are the factors that affect the switching in devices.

Device structure Switching mechanism Reference
Al/Alq3/Al/Alg3/ Simmon-Verderber-like switching [45]
Al,Cr,Cu,ITO,Au,Ni
Al/Alg3/Ag,Cr,Mg,Cu/Alq3/Al  Simmon-Verderber-like switching [45]
Al/Alq3/Ni/Alg3/Al Space- Charge- Limited Current [46]
(SCLC), Thermionic-field-emission
Al/o-NPD/Alg3/Ni/ scLC [47]
Alg3/a-NPD/AI
ITO/Alq3/Ag CF formation [48]
Al/Alq3/Al/Alg3/ITO Fowler Nordheim tunneling (ON state)  [49,50]
Poole-Frenkel (OFF state)
Al/Alg3/MoO;/Alg3/ITO Thermionic emission (OFF state) [51]
Ohmic conduction (ON state)
Al/Alg3/Al/Alq3/Al Thermionic emission (ON state) [52]
Al/ZnS/Al/Alq3/Al Ohmic conduction (OFF state)
Al/Alq3/Al CF formation [53]
Al/Alg3/n-Si Schottky-type conduction [54]

being exhaustive- this is not intentional; it is simply because of
the sheer volume of data that have been published.

3. Overview

The scope and objectives of this review article have been pre-
sented in the following sections. The main objective is to trace the
development of the OMDs, particularly the admixtures and the
nanocomposite devices. Section 4 will introduce basic terms and
switching patterns which have been used consistently throughout
the latter portions in the article. This will be followed by the his-
torical evolution of the field and its development by tracing the
various publications and works in a general chronological fashion.
The next section (Section 6) will examine different reports and the
results obtained from them to interpret the role that each compo-
nent in the device, plays in the switching behavior, like the role
of the nanoparticles, the role of polymers, etc. Many publications
that have been very specific in their investigations, have therefore,
been introduced here while having been excluded from Section 5.
Many subsections are presented to include the parameter that has
been observed to influence the component in the main focus.
For example, while the role of nanoparticles in the switching of
the devices has been presented in Section 6.1., it has also been
reported that the role of the nanoparticles might vary depending
on the capping molecule, or depending on whether the device
has been exposed to electroforming procedure. These factors that
have been reported to determine how the nanoparticles behave
and interact in the switching process; was found integral to be
included. These have been added in the further subsections (Sec-
tion 6.1.1,, 6.1.2...) for clarity of understanding.

Sections 7 and 8, focus mainly on the different switching
mechanisms that have proposed and reported for various
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materials and device structures. The charge storage mecha-
nism has been presented in great detail in Section 7; attempts
are made to present the differences within the different models
that exist under the broad umbrella of charge storage mecha-
nisms and how they differ from each other. There has been a
lot of confusion in this area and hence various works have been
looking carefully, sketching to the best of the ability, the nuances
of the charge storage mechanisms. Section 8, is on the other
hand a broad survey of the other mechanisms that have been
reported. Many switching behaviors have been observed for var-
ious materials and device structures over the years. A detailed
report of all these mechanisms has not been the focus, since
many prior articles already exist to address this.[*1320.2430,32,34]
Moreover, most of these mechanisms include inorganic sys-
tems and is, therefore, beyond the scope of this article.

The latter parts include future scope (Section 9) and conclu-
sion (Section 10) where some future directions of developments
have been suggested. The gap in the knowledge based, on the
published works, has been pointed out in hopes of motivating
further involvement toward the development of the field.

4. Nanotrap Memory

4.1. Introduction

The term “nanotrap” was first used by Bozano et al.>! in 2005,
when it was first suggested that the switching phenomenon
could be attributed to the charge trapping occurring in the metal
nanoparticles (NPs). The study of a switching phenomenon
since then, has evolved through decades of reports and investiga-
tion and has, in effect, evolved in entirely separate areas of study
within itself. There are works that report switching on different
materials: Semiconducting, ferroelectric, dielectric, binary metal
oxides, etc., but these will not be focused here.[320:30]

The nanoparticles embedded OMDs store bits in the form
of reversibly switching levels of electrical conductivities. The
device has a simple architecture in which the nanoparticle-dis-
persed medium is sandwiched between two metal electrodes.
The nanoparticle dispersed layer is usually referred to as the
active layer; wherein the matrix in which the nanoparticles
are embedded could be either insulating or semiconducting
in nature (see Figure 1). The high switching speed and low
switching voltages also make it a perfect candidate for the
emerging non-volatile memory device applications in high
speed applications and low power applications.

The following portions has been devoted to the clarification
of terminologies and device behavior patterns that have been
extensively and consistently been used in all the following sec-
tions. Most of the recurring behavioral patterns (like current—
voltage behavior) have been described, although there may be
other patterns that have been overlooked here. In such cases,
explanations have been offered in the latter sections.

4.2. Types of Curves

These devices have the ability to achieve bistability, meaning that
it can switch between two different values of electrical conduction
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Figure 1. The figure depicts a general structure of a trilayer device. The
top layer and the bottom layer consist of electrodes and the middle layer
is sandwiched between them. The middle layer is an admixture of metal
nanoparticles and polymer layer. Reproduced with permission.’®l Copy-
right 2012, Elsevier.

states when an external electrical stimulus (known as the write
signal), is applied; and it can retain the state even after the elec-
trical stimulus is removed. But sometimes, the devices don't
revert its state once having changed; such devices are known as
write-once-read-many times (WORM) devices. Depending on
the composition of the device, the materials used to fabricate it
and the nature of switching involved; the current-voltage (IV)
behavior might vary. These IV curves have been referred differ-
ently by several publications, but throughout this article, these
curves will be addressed in the manner as Prime and Paul.3¢*"]
Judging from the diaspora of results that have been reported, the
IV curves can be broadly classified into three kinds of curves:

4.2.1. S-Curve

The S-curve is the first kind of current—voltage (IV) curve,
where a pristine device first begins in a low conduction state
(OFF state). The S-curve is characterized by a threshold voltage
at which the device undergoes an abrupt transition from the
initial low electrical conduction (OFF state) to a high conduc-
tion (ON state). Any voltage sweep beyond this threshold
voltage results in the ON state, where the current may either
saturate or it may increase at a very slow rate.

The S-curve may differ in its direction or the sequence of
read, write or erase operation. For example, refer two distinct
behavior shown in Figure 2. The symmetry of the IV curve in
S-curve depends on the device structure and operation. Once
the high conduction state is achieved, reduction in the voltage
results in the device, following a high conduction path. Some
devices are able to retain this state until an erase signal is
applied to it. These are known as the non-volatile devices.

4.2.2. N-Curve

The N-curve is similar to the S-curve except that there are two
threshold voltages in the N-curve. The devices exhibiting the
N-curve begins with a low current level in the pristine state until
the first threshold voltage is exceeded, after which it switches
from the OFF state to the ON state (shown in Figure 3). If

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. The S-curve in the left side shows a switching behavior where the write operation is determined by the threshold voltage require to achieve
the OFF-state-to-ON-state transition. The read operation is done using a smaller voltage below the write voltage value. The erase operation is achieved
with a tiny voltage applied in the opposite polarity, following which the device reverts back to the original OFF-state. The device behavior on the right
side shows similar behavior except, both the erase operation and the write voltage have a minimum threshold voltage exceeding which leads to the
respective device switching. Reproduced with permission.13¢! Copyright 2009, Royal Society.

the voltage is decreased before reaching the second transition
voltage or the second threshold voltage, then the device will
continue to remain in the ON state. But if the voltage increment
is sustained even beyond the second threshold voltage, then the
curve transitions into a region of decreasing current. This is
called the negative differential region (NDR), where the slope
of the current—voltage (IV) curve is negative.’®-° The device
would be switched from ON state to the OFF state if the voltage
sweep is permitted to exceed beyond the NDR. In such devices,
therefore, both the switching, OFF state to ON state and vice
versa can be achieved from the same voltage polarity. These
devices do not require an opposite polarity voltage to reset the
device, or to achieve the ON state to OFF state transition.

4.2.3. O-Curve

The O-curve is characterized by a smooth increment of cur-
rent with an increase in voltage. Unlike the former (N-curve
and S-curve), the O-curve, doesn’'t have a “knee” voltage or a
threshold voltage where the current jumps suddenly by a few
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Figure 3. A typical N-curve with various regions. Region 1 is the low con-
duction state in which a pristine device first begins; it leads to region 2,
which is when the device switches from the low conduction state to a
high conduction state. Region 2, marks the first threshold voltage- if the
voltage is decreased from this point, it remains in the high conduction
state (region 3), but if the device is exerted beyond region 2, the device
undergoes an erase operation and enters region 4. After reaching region
4, the device then retains the low conduction state (region 1). Reproduced
with permission.®l Copyright 2009, Royal Society.
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orders to a high conduction state. But it must be noted that
once the voltage sweep is reversed after an increase, the device
follows a different path indicating a change in the conduction
of the device. The hysteresis assists in distinguishing one state
from the other and the direction of the hysteresis curve could
differ too. The conduction change is gradual, and the difference
between the high and low conduction states may not be as big
as the two former curves (refer Figure 4).

4.3. Unipolar and Bipolar Switching

The differences lie not just in the curves, but also on how the
“write” and “erase” operations are performed in a memory
device. The “write” operation is usually performed when a device
switches from low current state to high current state, while the
reverse switching is known as the “erase” operation. Depending
on the type of device structure or operation, the write and erase
function might occur differently. Whenever the write and erase
operations occur at the same polarity of voltages, the switching
is known as a unipolar switching. On the other hand, for oppo-
site polarities of voltage required for write and erase, such a
device is known as a bipolar switching device.[>%0]

5. History: Materials and Mechanisms

The history of the bistable switching devices is much older than
the coining of the term “nanotraps” itself. The early works in

. log () a

| I TR
T T >
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Figure 4. A typical O-curve, with no abrupt current transitions. Repro-
duced with permission.B Copyright 2009, Royal Society.
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1960s by Hickmottl®%2 demonstrated that thin films could be
“conditioned” to electrically switched.®?l The “conditioning”
process was referred to as electroforming. Hickmott observed
and studied this electrically switching with metal oxides like
aluminium oxide (Al,05),Ta,Os, ZrO,, TiO,, and SiO,.
Although the switching operations were not too effective, this
demonstrated the potential of the switching properties. Soon,
many other materials were found to exhibit the same switching
behavior and the field began evolving.l®*®4 Organic materials
too, were observed to exhibit such behavior.[0>6]

In 2002, Ma et all®l reported bistable switching in a
three-layer (3L) device, where aluminium (Al) interlayer was
embedded between two layers of semiconducting polymer
called 2-amino-4, 5-imidazoledicarbonitrile (AIDCN) and alu-
minium electrode. The switching from OFF state and ON state
was observed to undergo a six-order increase in current but the
conduction mechanism was reported to be unclear.

Despite the uncertainties regarding the conduction mecha-
nism, it was concluded that the switching was not due to fila-
mentary conduction since the magnitude of ON state current
was scalable, and depended on the device area. Ma et al.l®!
repeated the measurements by using different metal inter-
layers like gold (Au), copper (Cu), and aluminium (Al) were
used as interlayer, due to the varying degree of reactivity and
to observe if any effect the metals had in the switching process.
All the devices were found to switch, except for the ones that
had no metal interlayer; proving, thus that the metal interlayer
was integral to the switching process. The presence of con-
ducting filaments was again refuted based on the temperature,
dependent ON state current and the device area dependence of
the current. It was observed that the ON state current of the
device reduced with the reduction in temperature; thereby
demonstrating a temperature-based conduction process to be
responsible. The exact mechanism of the switching, however,
was not reported until it was found that the capacitance plot
showed the evidence of charge storage in the interlayer.[®) The
conduction mechanism proposed thereafter was that the metal
interlayer acted like a charge trap which led to the doping of the
organic layer on the either side of the interlayer and enhancing
the conduction of the device to the ON state.

Bozano et al.*! investigated the same device structure later
with tris(8-hydroxyquinolinato)aluminium (Alqs) being used as
an organic layer and aluminium interlayer was used to inves-
tigate the bistable switching. As can be seen in Figure 5, dif-
ferent metals were used and several configurations were tested
to analyze the dependent parameters that affected the switching
behavior. The switching of the device was consequently con-
cluded to be independent of the metal being used within the
polymer matrix and the dispersion technique used.l>!

The conduction mechanism proposed by Bozano et al.l*’] was
similar to the Simmons and Verderber (SV) model,’®! in which
the nanoparticles acted like “nanotraps.”>®) However, a major
difference from Ma et al.l®l result, despite having replicated the
same structure and the same material too, was that their device
exhibited an N-curve instead of the S-curve, that was seen in
the former case. Bozano et al.’® pointed out this difference in
device behavior, even while observing the same system, to be a
problem faced due to the fabrication of the device by different
research groups. The NDR was proposed to be the result of
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Figure 5. Cross section of Bozano et al.5*] devices. Various device struc-
tures were tried- device (a) was a suspended nanoparticle matrix in
polymer, fabricated as a 1L-device. Device (b) was a 2L-device configura-
tion where a layer of suspended nanoparticles was laid on the bottom
electrode, over which a polymer layer was evaporated. Device (c) was
similar to the 3L-device that were investigated by Ma et al.l’”] and device
(d) was the reference device, that was used to compare the polymer-only
behavior, against the rest of the device behaviors. The image is repro-
duced with permission.> Copyright 2005, John Wiley and Sons.

the charge trapping by the NPs and the space- charge inhib-
iting due to the electrostatic repulsion. The conduction of the
device was found to demonstrate insufficient evidence for a
temperature- dependence, which led to the conclusion that the
conduction was happening due to direct-tunneling. This was
quite distinct to Ma et al.’s!%! result where the ON-state current
was found to be temperature- dependent. The presence of alu-
minium oxide (Al,0;) was found, but it was largely overlooked
in the discussion of the conduction mechanism, except that it
was considered essential for the isolation of the nanoparticles
from one another; thereby ensuring the trapped charges do not
escape.l”6%71 The filamentary conduction mechanism was dis-
missed by Bozano et al.,>! first because no electroforming was
necessary in their device and second because they found no
switching in the absence of embedded NPs. They finally con-
cluded that the NPs assisted in two ways: First, they induced
impurity levels in the barrier insulator layer thereby assisting
in the conduction of the device,[>>7%72 and second, acted like an
electrostatic barrier to avoid leakage current.>”3!

He et al.” in 2005, reported that the switching speed of the
device was measured to be less than or around 10ns, and pro-
posed that Bozano et al.’sl*l “charge-injection-travel-and-trapped
picture” could not lead to such low switching speeds. It was
also reported that the Al was forming metalorganic complex at
the top electrode (metal)-organic interface due to the vacuum
evaporation of hot metal over the organic layer. The switching
was therefore proposed to be happening only at the bottom elec-
trode, as the metalorganic complex formation led to the intro-
duction an impurity level that assisted the electron injection
into the metal interlayer without much of energy. However, the
question of why such a metalorganic interface couldn’t be pre-
sent in the interlayer-organic interface was left unattended when
hot metal was interacting with organic materials at the lower
interface of the interlayer too. Despite that, the results from this
study brought into picture how the fabrication process and the
material used could affect the final behavior of the device.

Tondelier et al.’®l examined the three-layer (3L) and one-
layer (1L) devices and investigated the switching behavior with
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pentacene as the organic active layer. The 3L devices had the
nanoparticle interlayer and the 1L device had no interlayer. The
bistable switching was observed in both the 3L and 1L devices.
It was therefore concluded, that the interlayer was not neces-
sary for the switching and that the switching was due to the
metal electrodes forming metallic filaments in the organic
semiconductor matrix due to diffusion but no evidence of fila-
ments formation was provided. Moreover, it was observed that
the OFF-state current had a temperature-dependent behavior,
while the ON-state current was “metallic” and temperature-
independent. This concreted the filamentary conduction in the
ON state, while the OFF-state was attributed to be due to Poole-
Frenkel (PF) mechanism. It is however known today that pen-
tacene has charge-trapping ability when used on its own.[?>32
The switching in the 1L device and the conduction behavior can
be due to the large charge-trap densities that are observed in
pentacene itself, therefore leaving scope for investigation.

The feasibility of using readymade NPs was demonstrated by
Paul et al. in 20037 when a monolayer of gold nanoparticles
was laid using Langmuir- Blodgett (LB) technique. This tech-
nique was used to fabricate a metal-insulator-semiconductor
device embedded with Au-NPs in the gate layer. Measurements
were done comparing the capacitance measurement of devices
with and without the nanoparticle layer. A distinguishable hys-
teresis in capacitance was observed in the devices with nano-
particles which was attributed to be the result of electron trap-
ping occurring in the nanoparticles in the gate. Ouyang et al.”!
demonstrating the use of ligand-stabilized nanoparticles to fab-
ricate metal-insulator-metal (MIM) devices, around the same
time as this study.

The work done by Ouyang et al.’”’! can be considered sig-
nificant in many aspects. Ouyang et al.”’! used a solution-
based-technique as opposed to Ma et al.l®®! who used thermal
evaporation for depositing the nanoparticle layer and metal
interlayer, respectively. The use of ligand stabilized gold nan-
oparticles ensured the isolation of the particles and therefore
demonstrated an alternative to ensure isolation, apart from
the deliberate oxidation of metals (like aluminium) that the
previous works relied on.[*3687478 The second important dif-
ference lies in the choice of organic material that was used
to disperse the nanoparticles in. The use of polystyrene (PS)
ensured an inert polymer environment; but more importantly,
it was more an insulator compared to materials like AICDN
and Alq; which were semiconductors. These differences, how-
ever, did not affect the output, which showed an ON/OFF
ratio of several orders and exhibited an S-curve. The switching
behavior was therefore attributed to the charge transfer that
took place between two species of materials that were used in
the polymer matrix- gold NPs stabilized with 1-dodecanethiol
(DT) and 8-hydroxyquinoline (8HQ).”! The 8-HQ molecules
are known to be electron donors”” and the Au-DT nanoparticle
was used as an electron acceptor. Hence the change in the con-
ductance was attributed to the transfer of electrons from 8-HQ
to Au-DT NPs in the presence of an externally applied electric
field. Many other works followed this later, and confirmed the
switching mechanisms further.®*83 There were although,
some anomalies, like devices where the Au-NPs were capped
with 2-naphthalenethiol (2NT),®4 the results showed the device
to be a WORM device.
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The first all-OMD was reported by Kanwal, Paul, and Chow-
alla.®! Reported first in Material Research Society (MRS) Fall
Meeting-2004, this device utilized fullerene (C-60) molecule
instead of metal nanoparticles in poly(4-vinylphenol) (PVP)
to fabricate an MIM device and demonstrated distinguishable
bistability. The reference device Al/PVP/Al was compared with
the device containing C-60 molecule (Al/PVP+C-60/Al) and ana-
lyzed to find clear evidence of a bistable behavior in the device
containing C-60 molecule. The device operation was found to be
promising, with the read time being =30 ns (the read time was
believed to be as low as a few femtoseconds, being constrained
only by the limitation of the measuring instrument), energy
required for reading a bit being about 0.01 pJ and writing a bit
being around 0.1 pJ. This demonstrated the capability of the
OMD to fare equally with the commercial flash technology at
such initial levels of development.® These devices were fur-
ther investigated by Paul, Kanwal and Chhowlla in 2006,
in which the nanoscale analysis of the devices was conducted
using a conducting atomic force microscope (c-AFM). Although
the ON/OFF ratio was very less, the current densities were con-
siderably higher, since the scanning area and the AFM tip area
were very small (=100 nm?); demonstrating that the C-60 mole-
cules were capable of holding electrons. These results were
further strengthened by Raman analysis of the device. The Ay,
mode of fullerene, which appeared at 1469 cm™, was observed
to shift down by 9 cm™ when the device switched to the high
conductance ON state. But after applying the erase voltage, the
peak returned to the original wavenumber, indicating the OFF
state of the device. This shifting and restoring of the peak was
attributed to the change in the symmetrical stretching vibration
of the C = C bond.®® The red shift observed in the Raman peak
was indicative of electron trapping that occurred in the C-60
molecule when an external write voltage was applied and the
electron escaping the C-60 molecule when an erase signal was
applied.

The results published by Paul et al.B>%#)] were however
quite distinct from the other works, in which the current-
voltage (IV) behavior exhibits an O-curve. The ON/OFF ratio
too, was reported to be lesser; there was no abrupt increase
in current levels. However, the charge retention studies dem-
onstrated sustained charge separation states. The well-studied
donor—acceptor system of Au nanoparticles and 8-HQ mole-
cules too,””*l when investigated by Prime and Paul ® the IV
behavior showed an O-curve. The difference in the conduction
values of the devices was proposed to be due to the separation
of the charges, due to the donor—acceptor system, forming an
internal electric field due to the polarization of charges.[®”l More
information regarding the details has been presented in Section
71.4. (charge trapping and internal field mechanism); the differ-
ences in the results, however, demonstrate that the two states
in this case are a function of the amount of charges that can be
successfully trapped by the acceptor system (metal nanoparti-
cles, C-60 molecules, etc.). The write voltage (+5 V) successfully
creates this charge separation, while the erase signal leads to
the reversal of the polarization. This charge separation and the
orientation of it, was reported to the cause of the distinction of
states.

The feasibility of using nanoparticles as memory devices
was confirmed by Leong et al. too.’!l Prime and Paull®? further
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demonstrated the role of the nanoparticle by investigating the
charging process using electrostatic force microscopy (EFM).
These measurements were closely associated with the AFM
measurements conducted by Ouyang et al.”’) In these measure-
ments the AFM images were taken after an electrical potential
was applied across the electrodes of a device.

Prime and Paul® aimed the experiment to confirm that
there wasn’t any contribution from the polymer in the trap-
ping process. Hence a planar gap cell structure was fabricated
to study the exclusive contribution of the nanoparticle in the
charging process. As seen in Figure 6, after applying a write
and erase of +10 V and —10 V respectively, and using the EFM
tips to “read” the nanoparticle potential at 3 V; it was observed
that there were charges being trapped into the nanoparticles
through tunneling. It was also observed that the nanoparticle
was able to retain the charges, although not for very long. But
this could be due to the non-uniformity associated with the
planar structure. This was a confirmation of the Ouyang et al.””!
results and was again an evidence of the charge trapping to be
contributing to the switching of the devices.

Several other devices were fabricated by the group over the
course of the years which helped substantiate the internal
field model to explain the switching behavior.?3>77%:93-9]
There have been reports that claim the ON/OFF ratio to be
nine orders, however less effort has been paid to investigate if

30'"" Gold nanoparticles electrically
connected to ground electrode
25
20
15
10
5
v Electrically isolated gold yo
3 nanoparticles Nanoparticle island 2
(b) *
- -
2 4
1
0 0 5 10 15 20 25

pm

Figure 6. Image showing the atomic force microscope/microscopy
tomography image of an isolated nanoparticle a) before and b) after
applying a +10 V bias, and the image c) after applying —10 V. Reproduced
with permission.®? Copyright 2010, AIP Publishing.
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other parameters might be playing into the switching process.
Paul and Salaoru,?)! investigated a simple device structure
consisting of polyvinyl acetate (PVAc) layer between two alu-
minium electrodes. The device consisted of no nanoparticles
and the IV behavior was found to be exactly as expected- no
hysteresis was observed. However, when the same device struc-
ture was tested with a layer of aluminium oxide on the bottom
electrode, bistable switching was observed with an ON/OFF
ratio of about 3 orders being measured. Similar results were
found by many other works, where the switching was observed
to occur even in the absence of the nanoparticle layer and dem-
onstrating that that the switching is not being contributed from
the embedded nanoparticle-type devices or from other electron-
acceptor type molecules. In 2019, Nau et al.,l*®! investigated the
interlayer device structure and analyzed the switching behavior
from the unipolar switching behavior, essentially re-investi-
gating the Bozano et al.*>>] studies. The switching was found
to occur even in the absence of the interlayer.

The switching behavior demonstrated using selenium (Se)
nanoparticles by Alotaibi et al. in 2017, once again pointed to
the internal field mechanism to be responsible for the switching
behavior.”l The nanoparticles were embedded in diamond-
like-carbon matrix, which were fabricated at low temperatures
(=50 °C) using plasma enhanced chemical vapor deposition
(PECVD), demonstrating the potential for deposition on flexible
substrates. It was found that the Se nanoparticles were able to
hold the charge and exhibit bistability, wherein the IV behavior
exhibited an O-curve. The IV behavior was used to demonstrate
the internal-field model, wherein a pristine device starts in the
high conductance state. This is a crucial distinction separates
the behavior of these devices from numerous others that claim
the charge storage mechanism to be the cause of the switching
behavior but show the device beginning from a low conduction
state. This has been a core dilemma in the Bozano picture, >3
as raised by Scott;?”] that despite all other evidence, this problem
remained unclear as to why their devices switched in the low con-
duction state in their pristine form. This device behavior and in-
depth discussion of the internal-field model will be done in Sec-
tion 71.4., and therefore will not be attended except in brief. The
trapping of electrons inside the NPs accompanies the charge-
building that develop an internal electric field inside the device
(see Figure 7). This internal field develops a kind of screening
effect wherein the total applied field gets either reduced or added
up (depending on the bias that one applies next).%!

Alotaibi et al.l”’! demonstrated how the accumulation of
charges could be achieved by the trapping of electrons to fab-
ricate memory devices. This behavior was replicated by Sar-
anti et al., but using silicon nanowires in 2016 and subse-
quently further work.l% The internal field was developed in
this case, not by using nanoparticles as traps, but the large
surface defects densities on the nanowire surfaces. The high
surface to volume ratio in the nanowires facilitated the charge
trapping on the nanowires, at the sites of dangling bonds.["%!

Saranti et al. in 2016,°% also demonstrated a voltage sweep
scaling behavior in the devices, where the hysteresis of the IV
curve depended on the voltage sweep window. The higher the
applied voltage sweep, the greater the hysteresis became. The
devices fabricated by Saranti et al.*®!% demonstrated multiple
capacitance states that existed one within the other, thereby
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Figure 7. The explanation of the bistability demonstrated through the internal field mechanism. Reproduced with permission.””] Copyright 2017,

Elsevier.

opening the prospect of multi-bit storage capability (refer
Figure 8). The difference between the high conductance state
and the low conductance state were found to be depend on the
window of voltage sweep, which in turn was dependent on the
amount of charges trapped. Similar behavior with multiple con-
duction states was also observed by Salaoru et al.,’3] too (refer
Figure 9). Like other previously published works,®l these inter-
mediate states can be used for multi-bit applications, the var-
ious states depending on the different write voltages.

Such voltage scalability goes to demonstrate how the applied
voltage leads to the charge storage and how this charge trap-
ping exhibits a voltage offsetting on the applied voltage. But
the performance of a memory device is not merely based on
the ON/OFF ratio, switching speed or the energy required to
write, read or erase. The retention of the device is also a crucial
parameter. The ability of the device to retain the change (in this
case charge storage) will determine how long can the device
continue without losing the stored information. The retention
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of the device was investigated by Suresh et al. in 2014,11°% when
the charge storage was investigated for gold superclusters. It
was found that the superclusters were able to store the charges
for more than 10° s. The results demonstrated a linear decay of
capacitance, so that about 77% of the capacitance was retained
after 10° s. When the results were extrapolated for more than
10 years, it was found that the device would be able to retain
more than 50% of the device capacitance without losing it
(refer Figure 10). This study demonstrated the ability of OMDs
to be able to outperform some of the commercial devices.

Zhang et al.®® investigated the effect of high current electro-
forming procedure on the devices in 2019, when it was found
that the heat produced due to Joule’s heating led to the agglom-
eration of the nanoparticle, where the size of the particles
increased by four times their initial size. This demonstrated
how high current levels could impact the affect the device in
various ways and must therefore be regulated to maintain the
initial size distribution of the metal nanoparticles.

(b) 1x10™ -
+-1V

+/-2V
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Figure 8. a)The reference device capacitance-voltage behavior shown in comparison to the devices with silicon nanowire. This demonstrates the
charge storage ability of the nanowires and the charge build. b) The right image shows how the curve and the hysteresis thereof is depend on the voltage
sweep window, demonstrating a kind of voltage scaling behavior. This image is reproduced under the terms of the Creative Commons Attribution 4.0
International License.l®) Copyright 2016, The Author(s), Published by Springer Nature.
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Figure 9. The IV behavior change with increasing voltage sweep window.
The inset shows how the area under the curve increases with the voltage
sweep window. This image is reproduced with permission.®3l Copyright
2017, Cambridge University Press.

Another method to follow up on the works that have
been published is by focusing on the choice of material. For
example, Bozano’s workl*>% with Alq; has been replicated in
many studies and have resulted in quite interesting results.
Some interesting observation can be followed through from
Table 2, like the observation made by Reddy et al.**>178] and
by Busby et al.*® in regards to the effect of rate of evapora-
tion on the device behavior. Interestingly, Reddy et al.’s*>->178]
devices exhibit charge storage switching mechanism, while
Busby et al.® reports the observation of filamentary conduc-
tion. Busby et al.*¥] reported that the electrode diffusion, not
the interface stress (as is popularly claimed) seems to affect
the switching. The electrode diffusion was found to be depend
on the evaporation rate of the electrode, wherein lower rate
of evaporation led to a decrease in the metal porosity. On the
other hand, Reddy et al.*>>78] reported that a lower evapora-
tion rate in the tri-layer structure resulted in the formation
of NPs with oxide layer insulation which is favorable for the
polymer-doping type charge storage switching behavior. Other
works that have been reported for Alg3 have also been reported
in the Table 1.
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There have been several more works that have taken place in
OMDs but they will be referred in the next section the results
from the studied will be investigated in the context of the dif-
ferent parameters that affect the switching mechanism.

6. Influencing Factors to Bistable Switching

A closer look at the history of the development of the OMDs
reveal that the same structure and often consisting of the
same material design is capable of exhibiting mutually dis-
tinct behavior. This kind of behavior can only be understood by
paying attention to some of the factors that can contribute to
the bistable switching process. These factors will be analyzed in
this section: 1) Nanoparticle contribution, 2) Ligand molecule
contribution, 3) Nanoparticle concentration contribution, 4)
Preconditioning/forming contribution, 5) Electrode contribu-
tion, and 6) Organic layer contribution

6.1. Nanoparticle Contribution

The role of the interlayer has been the center of a lot of discus-
sion since the last two decades. Ma et al.”] discussed about this
layer as being indispensable for switching and that no bistable
switching was found to occur without it. However, it was also
observed that bistability was observed only when the inter-
layer was more than a critical value of 10 nm. Bozano et al.’”
too found that the interlayer was an integral part for bistable
switching. However, two major differences marked this work
from that of Ma et al.;{¢%7174 in which they obtained a N-curve
switching, as opposed to the bipolar S-curve switching in the
former case. The second major observation by Bozano et al.>”!
was that, for a reliable switching behavior, the interlayer must
not be more than 10nm. This was almost contrary to the initial
findings, but the reason specified by them was that the prereq-
uisite for device switching was the discrete nature of the NPs,
so that they can act as charge traps.

The effect of the interlayer thickness was further investigated
in 2009 by Reddy et al.**78] Reddy et al.**7¥l investigated the
interlayer on an indium doped tin oxide (ITO)/Alqs;/Al/ Algs/
Al device structure with different inter layer thickness ranging

g
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Figure 10. Device charge storage retention results by Suresh et al.4 showing retention for a) 10 000 s and b) more than 10 years of extrapolated charge
retention. Reproduced with permission.%2 Copyright 2015, American Chemical Society.
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Table 2. Shows a detailed description of the works from Table 1; These works have been further classified depending on the type of curves that have
been observed and the performance of the device that have been reported.

Switching type Device structure Switching mechanism ON/OFF ratio Retention Ref.
Switching by either polarity, NDR Al/Alq3/Al/Alg3/Al,Cr,Cu,ITO,Au,Ni Simmon-Verderber-like switching - - [45]
Al/Alg3/Ag,Cr,Mg,Cu/Alq3/Al Simmon-Verderber-like switching - - [45]
Ag Al Au/Alg3/ITO Au - - - [103]
Al/Alq3/Ni/Alq3/Al SCLC, 10 - [46]
Thermionic-field-emission
Aljo-NPD/Alq3/Ni/Alq3/0-NPD /Al scLC =102 =10 years [47]
ITO/Alq3/Ag CF formation =10° 2 years [48]
Al/Alg3/Al/Alg3/ITO Fowler Nordheim tunneling (ON state) >10° >3500 s [49,50]
Poole-Frenkel (OFF state)
Al/Alg3/MoO3; NPs/Alq3/ITO Thermionic emission (OFF state) =10° =~4500 s [51]
Ohmic conduction (ON state)
WORM Al/Alg3/Al Au,ITO - - - [104]
S-curve Au/Alq3/Au,Al/Alq3/Al scLC 104 4h [105]
Al/Alg3/Al/Alg3/Al Thermionic emission (ON state) =10* 8000 s [52]
Al/ZnSe/Al/Alg3/Al Ohmic conduction (OFF state)
Al/Alg3/Al CF formation 10° =20 min [53]
ITO/Alq3/Ag CF formation - - [106]

from 5 to 20 nm using tunneling electron microscope (TEM).
It was found that the ON current increased with an increase in
the interlayer thickness, but so did the OFF current. But after
a critical thickness, any increase in the interlayer thickness led
to the decrease in the ON and OFF current (shown in Table 3).
The real impact of the interlayer was accessed by the ON/OFF
current ratio. This revealed a pattern of optimum thickness
until which the ratio increased proportionally with the thick-
ness of the layer. But beyond this thickness, which was found to
be around 10 nm; the currents ratio began to fall.

The TEM analysis revealed a core-shell like structure,
where aluminium NPs were surrounded by an oxide shell
(see Figure 11). The thickness-dependent ON/OFF current
was observed to be a consequence of different NP sizes in
these interlayers. It was found that at lower thicknesses the
size of the NPs were too small and this gave rise to lower cur-
rent values due to the higher coulombic energies that needed
to be overcome. But as the thickness increased the NPs sizes
increased to a considerable size where the charging ener-
gies were lower than before and hence the ON-OFF currents

Table 3. The table denoting the relation of the ON/OFF ratio with the
interlayer thickness. The ON/OFF ratio increases with the increase in the
thickness until an optimum thickness (around 10 nm), after which any fur-
ther increment in interlayer thickness results in a decrease of the ON/OFF
ratio. Reproduced with the permission.®l Copyright 2009, AIP Publishing.

Thickness (nm) lorr (A) lon (A) lon/lore
0 9.49 x 107" 1.29 x 107° 13.6
5 1.43x 10710 3.89x1078 2.72 %102
10 217 x 10710 4.14%107° 1.91x 10°
15 3.69x 107 5.69 %107 1.54 x 102
20 7.72%107° 1.02x107* 132
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increased correspondingly. But with an even greater interlayer
thickness (beyond 10 nm), the NPs were found to coalesce and
form a continuous film which did not “hold” any charges and
hence the switching collapsed. This study brought two key
points in the study of the role of the interlayer in the bistable
switching of the device. The first point was that the switching
was depend, not so much on the intermediate “layer;” instead
it was the presence of discrete NPs within the interlayer that
made the switching possible. The second point was that the
switching depended on the ability of the NPs to store charges
and also to retain it. This was the reason why the NPs needed
to be isolated from each other. The reduction in the ON/OFF
ratio with the coalescing of the NPs demonstrated the necessity
of keeping the NPs isolated from each other.

Tondelier et al.,”! observed that the interlayer was not as nec-
essary as reported earlier. Device switching even in the absence
of the interlayer, and the OFF-state to ON-state switching was
concluded to be due to “field- induced-percolation of the NPs,
thus forming nano- filamentary pathways through the organic
film.”"IStudies by Nau et al.l®l in 2014, was focused to address
this issue of whether or not the interlayer was truly integral for
the switching. Nau et al.’®l studied ITO/Alq;/Al/Alq;/Ag device
structure to analyze the interlayer and its contribution to the
switching process. It was observed that the switching of the
device was independent to the presence or absence of the inter-
layer. Photoconduction measurements and ac measurements
were taken to find the equivalent circuit of the device. The
measurements revealed that the switching was accompanied
by a change in the value of shunt resistance by a few orders.
The conclusion, therefore, was that the unipolar switching (that
was observed in these devices) had nothing to do the charging
effect, but was instead due to filament formation. No attention,
however, was paid to the interface between the electrode and
the active layer. It has been observed recently, that insulating
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Figure 11. The above image shows the interlayer at various thicknesses- a) 5 nm, b) 10 nm, c) 15 nm, d) 20 nm. a,b) At lower thicknesses, the inter-
layer mostly consists of discrete aluminium nanocrystals that are coated by an ultra-thin (=1.5 A) layer of aluminium oxide, which helps to isolate one
nanocrystal from the other. This was proposed to increase the charge storage capability and hence lead to increased ON/OFF ratio. c,d) But as the
interlayer thickness is increased, the nanocrystals begin to coalesce with each other and form bigger and bigger lumps, thereby decreasing the ON/
OFF ratio. The discrete nanocrystal of smaller dimensions was found to be ideal for achieving high values of ON/OFF ratios. Reproduced with the

permission.’8l Copyright 2009, AIP Publishing.

layer undergoes soft breakdown, to varying degrees, due to
metal doping.[106-10%]

Zhang et al.”® investigated a planar structure in 2019, to
investigate the Joule’s heating process that the device under-
went during electroforming; and the effect this process had
on the nanoparticles. It was found that the device under test,
required an electroforming process before they exhibited
bistable switching with ON/OFF ratio of three to four orders.
The images from before and after electroforming revealed pre-
cious insight on how the forming process affected the nano-
particles. It was observed that the NPs had coalesced with each
other under the enhanced thermal conditions and has become
four times bigger than their initial sizes. (refer Figures 12
and 13).

Raman analysis on the devices from before and after the
forming revealed further changes in the structural morphology
of the device. The broadening of several peaks into a convoluted
peak indicated the presence of amorphous sp?carbon in the
device (see Figure 14).

Small 2022, 2106442 2106442 (11 of 28)

The switching mechanism was concluded to be due to SV
mechanisms, and that the NPs were playing a crucial role in
the charge trapping and hence contributing to the switching by
influence a change in the electrical conduction. But the conduc-
tion in the ON state was concluded to be due to the combina-
tion of charge trapping due to the NPs and the amorphous sp?
carbon.

6.1.1. Ligand Molecule Contribution

The ligands are molecules that are added to stabilize the NP
surface and to prevent them from agglomerating with each
other. The ligands prevent the NPs from coalescing together
and they also shield the NP from interacting with the conju-
gated polymer molecules in the active layer.’¥ But contribu-
tions from the ligands, referred as “ligand effect”®® was found
to be too important to ignore. Ouyang(®! investigated this
effect in devices with the same structure, but differing from
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Figure 12. a,b) SEM images of the device before and after the forming. c,d) A cross sectional image, showing the nanoparticle size increase by almost
four times the initial size. The image is reproduced with permission.’8l Copyright 2018, Royal Society of Chemistry.

each other only in the ligands that terminated the NPs. Gold
nanoparticles were used with different capping molecules,
like 1-dodecanethiol (DT),””#4 2-benzeneethanethiol (BET),!1%8!
2-naphthalenethiol (2NT),4 and polyaniline (PANi).®3 All the
above-mentioned molecules were used as ligands and PANi
functioned as a nanocomposite matrix while stabilizing the
nanoparticles.

Ouyang et al. reported his work in 2004,/”) when he reported
a multiple cycle switching device which Au-NPs terminated
with DT. But the effect of ligands became noticeable when the
Au-NPs were capped using 2-NT.4 The most significant dif-
ference between this device, Al/Au-2NT NP+PS/Al and the
rest of the devices was that it was a WORM device. It could be
switched from OFF state to ON state, but the device could not

Figure 13. Images of the nanoparticles at different temperatures through the annealing. The size of the nanoparticles can be observed to increase
with increase in temperature, indicating a coalescing of the nanoparticles. The image is reproduced with permission.?® Copyright 2018, Royal Society

of Chemistry.
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Figure 14. The image shows the Raman spectra of p(TEDOT) polymer
before and after annealing. The spectrum after annealing shows a spread-
out peak, indicating the presence of amorphous sp, carbon bonds. The
image is reproduced with permission.?® Copyright 2018, Royal Society
of Chemistry.

be turned back to the OFF state This is particularly interesting,
because the device with the same structure, but capped with
BET (Al/Au-BET NPs+PS/Al), could be switched reversibly. The
switching was attributed to the electric-field enhanced charge
transfer between the ligands and the NPs. However, a proper
understanding of the process is still not achieved. The Au-2NT
device was also found to have a gradual switching, unlike the
Au-BET device which exhibited the characteristic threshold
voltage where the current rises abruptly from low-conduction
state to high-conduction state.

Another noticeable contribution of the ligands can be noticed
when PANi was used to make a nanocomposite device in poly-
vinyl alcohol (PVAc) matrix.®¥l In this case the PANi attached
to the NPs and induced charge transfer between NPs under the
influence of an external electric field. But when the switching
was tested, the Au-PANi devices exhibited a unipolar switching
with the NDR observed at voltages greater than 3 V.

This goes on to demonstrate that the bistability in nanocom-
posite devices depend on the ligands too. While some induce
a WORM behavior, others help repeatable swithing. A careful
investigation of the field requires a meticulous comparison of
result to achieve a better understanding of the ligand contribu-
tion in the device conduction switching.

6.1.2. Nanoparticle Concentration Contribution

Another important factor that must be considered in the
analysis of the switching mechanism is the nanoparticle dis-
tribution in the polymer matrix. A study by Prime and Paul®
investigated the effect of the distribution density of the nano-
particle in the switching behavior of the device. An MIM device
structure was investigated with gold nanoparticles dispersed in
polystyrene (PS) matrix. The gold nanoparticles were stabilized
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and passivated using capping molecule, octadecylamine and tri-
n-octylphosphine oxide (Q-Au); the switching mechanism was
based on a charge transfer between Q-Au nanoparticles and a
molecule, 8-hydroxyquinoline (8HQ).B) The switching tech-
niques and the charge retention capabilities were studied for
Al/Q-Au NPs+8HQ+PS/Al devices, where the concentration of
Q-Au was varied for each device.

It was observed that the devices with lower concentrations
switched reversibly and repeatedly, although it took a few volt-
ages sweeps to stabilize the IV curve. The device was found
to retain the charge for more than 10 000 read pulses; thereby
demonstrated that the Q-Au nanoparticles were able to suc-
cessfully trap the charges for longer time periods. But for the
devices with really high Q-Au concentration, the device was
found to successfully switch from a low conduction state to
a high conduction state only once. The device was a WORM
device, and no transition could be achieved from the high con-
duction ON state to low conduction OFF state.

Other than being a WORM device, the ON current was a few
orders higher than the OFF current compared to the previous
devices. It was concluded that the different switching pattern
was caused by different switching mechanisms operating in the
same structure due to the closer proximity of nanoparticles; the
reversibly switching devices were concluded to be due to charge
trapping by Au-NPs, but the WORM device switching was due to
non-reversible filamentary formation under the influence of the
applied electric field. This claim was based on the capacitance—
voltage (CV) curve, which showed the storage of charges in the
device as a shift in the reverse sweep. While the former device
showed an increase in the capacitance during the voltage sweep,
the sudden drop of capacitance in the WORM device at the point
of switching, indicated the short-circuiting of the device between
the top and the bottom electrode. The increase in the conduc-
tion with increase in the NP concentration can be examined by
the works of Schon and Simon,*! where it has been noted that
the closer NP distribution could increase the chances of electron
wave coupling and thereby lead to increasing conduction due
to the delocation-effect of electrons (more information can be
found in Section 71.4.). The increased temperature due to the
high current densities could act as a positive feedback loop for
further increase in current until the NPs coalesce together to
form a permanent filament within the device cross section. This
kind of behavior is not exclusive to nanoparticles-based devices.

Majumdar et al.l'%! noted a similar kind of behavior in
fullerene-based bistable devices too. At low fullerene concentra-
tions, the device did not undergo any switching and the current
levels were a few orders lower than when the C-60 molecule con-
centrations were increased. At higher concentrations the device
switched successfully, but when the C-60 concentrations were
increased even further, the device became a WORM device and
switched only once. The WORM behavior at higher concentra-
tion levels were concluded to be due to the fullerene molecules
having formed “conductive networks” within the device.l1*’]

6.2. Pre-Conditioning/Forming Contribution

The behavior of the device switching and the mechanism
depends much on if and how, the device has been “conditioned.”
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This pre-conditioning of the device has been observed repeat-
edly by researchers, but only a few have reported it. For example,
Dimitrakis et al.¥ investigated the gold nanoparticle OMDs,
and observed that out of the devices that exhibited an N-curve
behavior, most of them were exerted under a forming process.
The testing procedures and the scheme of testing sequences
were rigorously detailed in the report; such attention to detail
can be a model for works that document the device behavior.
Without crucial details like the need for electroforming, the
actual device behavior can be mistaken easily. As detailed in
Section 6.1., Zhang et al.’® reported how high currents could
lead to high temperature generation, which in turn was capable
of altering the device morphology and the switching proper-
ties in ways that did not exist in the pristine form. These works
together demonstrate how the device behavior can be altered
differently depending on the preconditioning that the device
has been exerted to.

The effect of preconditioning has been studied far exten-
sively in inorganic systems, but these results can be borrowed
to understand and elaborate some of the unclear behaviors that
have been observed in the organic systems. For example, it has
been reported that the ON state conduction and the electronic
behavior (semiconductor or metallic) of nickel oxide (NiO) based
devices depends on the current density used in the forming
process of the device. Nickel oxide has been known to exhibit
conductive filament (CF) switching by cation-based switching.
And even though this kind of switching behavior has been exam-
ined in detail in Section 8.1.1., some of the results will be bor-
rowed here. It has been observed, that a small current used in
the forming process will yield a semiconducting behavior in the
ON state, while high forming currents will facilitate the forma-
tion of metallic-type conducting filament.®” This observation is
based on the measurements that while one device that has been
preconditioned with a low forming current led to the ON state
which exhibited sensitivity to the ambient conditions,M! a dif-
ferent study observed metallic behavior in NiO-based devices that
was preconditioned with high forming current.!2133 This might
perhaps address the differences in the temperature-dependent
conduction that were observed, or suggest further avenues of
research in this direction. For example, can this reconcile dif-
ferences like the semiconducting ON-state behavior observed by
Ma et al.%%l and the “metallic’ ON-state observed on the same
device structure when investigated by Tondelier et al.?”!

6.3. Electrode Contribution

The role of electrode in the bistable switching has been the
focus in many studies.?*?53% The suspected contribution of
the electrode is particularly imperative, since a direct involve-
ment of the electrode can at times, if not always, make it dif-
ficult to ascertain that the switching behavior observed in the
device is truly a property of the nanocomposite species (nan-
oparticles or acceptor-donor molecules) under investigation
Tondelier et al.”! observed that the aluminium interlayer was
not necessary for the switching. This led to the conclusion that
the switching that were being reported was not due because
of charge storage, but instead because of the metal diffusion
occurring from the electrode.
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Paul and Salaorul?*! investigated the role of the electrode in
the switching mostly focusing on the device ON/OFF ratio. The
O-curve observed in the previously fabricated devicesl’-86:89.921
generally exhibited much lower ON/OFF ratio than the publi-
cations that reported on the same systems. But in this study,
the result from a device consisting of a layer of PVAc depos-
ited between two aluminium electrodes were compared with a
device that had additional aluminium oxide on the bottom elec-
trode (see Figure 15). The IV behavior of these devices revealed
the extent to which electrode and the native oxide on them can
contribute to the switching behavior of the device. While the
device with no aluminium oxide was tested to find little or no
hysteresis at all, the device with a native oxide exhibited huge
differences between the ON state and the OFF state. The ON/
OFF ratio was observed to be about 3 orders of magnitude,
and even the behavior of the curve was found to be different.
While the other devices exhibited O-curve, this device exhibited
an S-curve with a region of saturation. This demonstrated that
the switching that was witnessed was not a bulk-limited prop-
erty, but interface-limited. It has been pointed out that such
interface-limited switching is not electronic property of the
molecule, but dominated by thermally activated components.%!
Nau et al.,’ also reported such switching behavior and con-
cluded that the switching was due to conductive pathways.
Such parasitic contributions of the electrode and the oxides
must, therefore, be taken into consideration when a device is
being investigated, so that the electrode-dependent factor may
not undermine the far smaller molecular interactions and the
electronic effects.

6.4. Organic Layer Contribution

The organic materials used to fabricate the memory devices, in
the reported literature, are having various purposes. Sometimes
it is intended to be the conducting medium, wherein semicon-
ductor layers are electrically modulated the conductance of the
material.l®®74 At other times, these may simply be intended as a
matrix, that holds the embedded molecular or macromolecular
entity and maintained its physical isolation, in terms of phys-
ical proximity from each other. But nonetheless, the organic
active layer does have an impact on the behavior of the device to
a greater or lesser degree.

In a detailed discussion of OMDs, Kim[®? mentions that
almost all the fundamental properties that the organic mate-
rials are sought after, find their origin in the molecular struc-
ture and the interaction within the molecule. The characteristic
softness and plasticity of the polymer, which can be attributed
to the weak van der Waal interaction and intermolecular cou-
pling; also favors high energetic disorder. Due to this reason,
the thin film organic layers themselves have a high density of
charge traps; the problem though is not the traps themselves,
but the ability (or inability) to control it.

Non-volatile polarization due to electric charge trap and
molecular re-alignment under the influence of an external
applied voltage is observed in certain polymers.’?l This effect
has been prominently observed in organic field effect transis-
tors and the rogue hysteresis, which is bias direction-dependent
has been investigated extensively."* 1l Tsai et al.''¥l reported
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Figure 15. The image indicates the effect of the aluminium oxide on the IV behavior of the device. The characteristic S-curve switching can be seen in
the device with aluminium oxide. Reproduced with permission.[?3l Copyright 2017, Elsevier.

such “bias-dependent-hysteresis” in polyvinyl-alcohol (PVA)
devices, where the electronegativity due to the hydroxyl group
(—OH) lead to the build-up of a false field. This electric-field
was reported to be due to the gradual alignment of the —OH
group in the direction of the applied bias along the interface,
such that a net charge polarization is observed. The polariza-
tion that developed across the gate terminal due to such mole-
cular alignment, resulted in the false switching of the device
(see Figure 16). Egginger et al.'™ referred to such property as
the metastable polarization in non-ferroelectric materials; the
difference between the thermodynamically favored ferroelectric

(a) In the start of 15t sweep In the end of 15t sweep

mobile
YO 4

mobile
\ e & @

Pentacene trapped

6*’ 5

Partially allgned hydroxyl dipoles
perpendicular to the interface

Randomly oriented
hydroxyl dipoles

Figure 16. The image shows how the molecular electronegativity in PVA
molecule can align according to the direction of the applied external bias.
This molecular alignment can induce false device switching (see the right
image) due to the net polarization build-up. Reproduced with permis-
sion.™ Copyright 2013, John Wiley and Sons.
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polarization being that this effect was a mere consequence of
slow dielectric response of the molecule to the external bias.
Apart from the slow molecular movement, Egginger et al.l''’]
held factors like charge injection from the semiconductor into
the organic dielectric material, mobile ions in organic material,
slow emptying of the minority and majority trap states in the
organic materials and others, responsible for the bias-induced-
hysteresis in organic devices.

These hysteresis windows might be misunderstood to be
“memory behavior” if not careful and can lead to misinterpreta-
tion of what is organic layer trap-induced noise.

Other works have noted that certain polymer undergo elec-
tric-filed-induced phase transformation due to conformational
changes.2%121 Tn molecules such as polymers containing
pendant carbazole group, it has been observed that under the
influence of an external electric field, disordered structures
rearrange themselves into a n—m stacked order. Such a change
from disordered phase to ordered phase can lead to a switching
of the device from a low conduction state to a high conduction
state.]

Summary: From the discussion above, this section aims to
point out several examples of contributing factors that might
have parasitic influence on the final behavior of the device.
Based on these examples, it becomes clear that the confusions
that persists in this field might complicated due to the several
factors that weigh-in on the final behavior. This may result in
the lack of repeatability of devices even when a work might be
exactly replicated.

© 2022 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

6.5. Switching Mechanisms

Having discussed so far the background of the field and the
several factors that have an influence on the switching of
the devices, it seems imperative to point out the myriad of
switching mechanisms that exist in the literature. In this sec-
tion, these mechanisms will be discussed in varying degree of
detail. Charge trapping mechanism has been covered in great
depth to disentangle the myriad of model that have come to
claim charge trapping as the main reason for the conduction
switching. However upon closer inspection reveal several finer
detail that distinguish one model from the other. Similarly
other mechanisms have been covered too, for example, the
filamentary mechanism has been deconstructed to the several
categories to enunciate the differences in each mechanism.
Furthermore the filamentary conduction in polymers have been
pointed out too, in order to point out the several features of
these mechanisms in different materials and contexts.

7. Charge Trapping Mechanism

Many articles have discussed the charge trapping mechanism
in the bistable switching process more often focusing on the
materials used and a broad discussion of the commonly agreed
mechanisms for the switching.?>3%32V] But while charge trap-
ping can be attributed to cause bistable switching, a lot of con-
fusion exists in this area. This review article is intended to focus
mainly on the differences within the broadly defined “charge
trapping” mechanism used when explaining the behavior of the
memory devices. It is important to address the fine differences
as it will bring clarity and clear distinction within the many
nuances of the charge trapping mechanism; a lack of which
often lead to misunderstandings and misinterpretations of
results and the device behaviors.

7.1. Polymer Doping Model
It was first reported by the Yang groupl!268697174122.123] from
UCLA, to address the device behavior which was observed then.
Their devices displayed an ON/OFF ratio of 6 orders; the ON
and OFF states appearing stable until an external stimulus
(erase signal) was applied. And even though the exact mecha-
nism behind such behavior was unclear, the metal interlayer
was found to be integral in the process (refer Section 6.1. for
more details). The IV behavior, sometimes referred to as, the
“diode memory characteristics,”®” had an S-curve and was
dependent on the presence of aluminium oxide over the metal
interlayer was deemed integral for the isolation of the metal
clusters and the retaining of the trapped charges.[®>7!l

This model of polymer doping (PD) was proposed after
a theoretical model was developed in 2004,123] to address the
switching behavior. The theoretical model was based on the
assumption that the conduction occurred due to the hopping
of charges, the metal interlayer playing a sensitive role in the
resonant tunneling of charges.'??l The metal interlayer thick-
ness contributed critically according to the theoretical model,
where at lower thicknesses it was predicted, conduction could
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not occur. On the other hand, any deviation over the critical
thickness, was proposed to result in exponential decay in the
transmission probability of charge tunneling. These predictions
were reported to corroborate with the further testing that were
carried out on the devices.”!! The metal interlayer was claimed
to be sensitive to the “metal-insulator transition” process®
due to the charge storage that occurred in it; the charge redis-
tribution in the nanoparticles thereafter leading to a positive-
negative region.l®®!23] It was proposed that the charge storage
and the subsequent redistribution led to the “doping of the
organics.”® The device bistable switching from ON state to
OFF state and vice versa were proposed to be the result of this
doping. Just like a forward bias facilitated the formation of a
channel in a transistor, the doping of the organic layer was pro-
posed to assist the device switching from the low conduction
OFF-state to a high conduction ON-state. The device switched
back from the ON-state to OFF-state, under this model, when
the reverse bias forced the trapped charges out from the NPs.

The metal interlayer, however, was not considered as a single
continuous layer embedded between organic layers. It was
assumed to be consisting of a group of metal nanoclusters that
were separated from each other by a thin (=16 A) layer of alu-
minium oxide.®! The oxide presence was prescribed as being
imperative for the formation of the nanoclusters; the hopping
model predicting the thin insulator layer to be perfect for tun-
neling between the nanoclusters. The second instance where
the oxide layer was reported to play an important role in the
switching was when metal-organic compounds were observed
to form at the metal electrode-organic interface whenever hot
metal was claimed to be deposited over cold organic layer.’!

This model was able to successfully address the S-curve
bistable switching behavior of the device. But it did not address
if the oxide layer, in itself contributed to the switching behavior;
in ways other than was assumed. The high ON-state current
levels were not taken into consideration; as Joule’s heating
becomes predominant in such current regimes. And even when
Al, O3 was already known to contribute in filamentary conduc-
tion, this wasn't taken into consideration. This charge- hopping
model was proposed by ignoring the prospect of thermal con-
tributions that might lead to unintentional contributions from
other mechanisms in the switching, as was demonstrated by
Paul and Salaoru.?’]

7.2. Simmons and Verderber Mechanism

The Simmons and Verderber (SV) model represents the works
that have been done above 50 years ago, in terms of explaining
the switching behavior of devices. The model has been com-
monly cited so, in reference to the publication that Simmons
and Verderber reported in 1967; which however was merely
one of the many reports that they published in the area.”*14
Their work with thin film insulators sandwiched between metal
electrodes, demonstrated that the device exhibited N-curve
behavior after electroforming. Their results led to the pro-
posal that the presence NDR and a hysteresis in the IV curve
due to the presence of nanoparticles that had detached from
the electrodes and migrated into the insulator layer in the
presence of an applied electric field."” Since then, numerous
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reports have attributed the bistable switching of the devices
to the SV mechanism.#5>57-6073103.12>-132] Qwing to the pop-
ularity of the SV model and the number of publications that
have cited the device behavior to be similar to the SV model,
it seems imperative to analyze the features of the SV model.
Some of the highlights of the SV model are as follows: a) The
studies by Simmons and Verderber were conducted initially
on silicon monoxide (SiO) thin film insulator placed between
metal electrodes.’ While the switching behavior of the thin
film insulator was studied extensively, it was noted that the
electroforming process was a prerequisite before any switching
behavior could be observed.®*12 Electroforming process
involved applying a very high field (typically about 10 V across
200 nm thick insulator) for a very short time frame (approxi-
mately a few seconds),*! where the positive bias was applied
over the gold electrodel®l and various other materials were
used for the other electrode.'?! The “forming” process was
found to condition the device, and was performed at low pres-
sure conditions (0.1 Torr pressure at room temperature). b)
The forming process was found to be an electrode-specific. For
example, while Au/SiO/Au could be formed perfectly well, the
same was found to be quite incapable for Al/SiO/Al device. It
was therefore concluded that the switching process depended
on the diffusivity of the electrode in the insulating matrix. The
ability of gold nanoparticles to diffuse into the sea insulator
was concluded to be the reason for such a behavior. ¢) The IV
behavior showed an N-curve behavior, wherein the current dis-
played a local maxima followed by a local current minima.>¢!
The region followed by the local current maxima was called the
negative differential resistance (NDR), due to the negative slope
that arise as current decreases even with increment in voltage.
The NDR region, as explained under SV model, was assumed
to be due to the band of impurity energy levels that the gold
atoms introduced in the insulator matrix. Under the SV model,
the impurity levels promoted the charge flow, thereby leading
to the increase in the current flow, as the trap levels begin to
gradually “fill up.”7® As the trap levels get completely occupied,
the local current maxima is observed in the device; beyond this
level further charge injection is reduced due to the opposition
experienced by the space-charge field generation. d) The device
conduction reported by the SV publications observed an almost
temperature-independent device conduction. The temperature
dependence in the devices was found to be inadequate to be
considered as being thermally driven. The conduction was,
therefore, concluded to be due to the tunneling of charges.

The SV model has been successful in addressing most of the
device behavior and switching features, but there are a few open
questions that are admittedly unclear.”?! Under the SV model,
as long as the trap levels are unoccupied, the conduction will be
high and the device will be in the ON-state. The current reduc-
tion and the NDR region occurs only after the NPs are com-
pletely occupied®! and further charge injection experiences an
opposition due to the space-charge field inhibition.’®! One of
the clear differences between the PD model and the SV model
is seen here as they predict contrasting effect on the device
conduction due to the charge trapping in the NPs. While the
PD model predicts that the charge injection in the NPs lead to
enhanced device conduction and consequently assist the OFF-
state to ON-state transition; the SV model predicts that the
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continued charge injection into the NPs will eventually result in
the decrease of the device conduction and lead to the ON-state
to OFF-state switching. This however, results in an open ques-
tion: If a device will completely unoccupied trap levels initially
yield high conduction ON-state, then why is it that a pristine
device with no occupied energy levels begin conduction in the
low conduction OFF-state? This prediction from the SV model
continues to maintain inconsistency with the experimental
device behavior observation.

Another point of contention is the electroforming process.
The SV model makes it clear that the forming process was
imperative for the switching behavior to be observed. The effect
of electroforming has been briefly mentioned in Section 6.2.;
the large number of additional variables that the process adds
to the systems has been presented. The electroforming process
adds many uncertainties, especially about the impurity level
prediction, as the nanoparticle size and position in the polymer
matrix would vary on the forming procedure.’> And for this
reason, it has been suggested that while NPs can be created by
driving metal electrodes into the organic layer, by the forming
process; it may not recommended due to the uncontrollable
nature of the process and the non- uniform distribution of the
particles.[*]

Having discussed the features of the SV model and the chal-
lenges, it may be advised that due considerations be paid to the
abovementioned points before a device behavior is classified
under the SV model. Since the model was based on the initial
works of Simmons and Verderber, it can be safely assumed that
any work that attributes an SV-like switching in their devices,
affirms that the device behavior aligns with all the SV model
features, unless explicitly mentioned otherwise. The works by
Bozano et al.> can be taken as an example in this context.
The device behaviors were not only analyzed for the unipolar
switching or the NDR region, but the temperature-based con-
duction and the electrode-independent switching were ana-
lyzed. And while the work attributed the switching behavior
of the device to the SV-like behavior, care was taken to men-
tion the points where the device behavior was distinct from
the original SV works. This included explicitly mentioning that
the switching behavior was observed without forming. Such
detailed investigation can be considered a model for future
publications in the exploration of the device behavior; especially
since opportunities for investigations still exist

7.3. Electric-Field-Induced-Charge Transfer

The electric-field-induced-charge transfer is a proposed mecha-
nism that relies on charge transfer to explain the switching
behavior of the devices. Proposed first by Ouyang et al.’”! in
2004, this mechanism comes closer in explaining how the nano-
particles and the device structures influence the behavior of
the device switching. Ouyang et al.”’) utilized ligand-stabilized
nanoparticle and 8HQ in a polymer matrix to achieve device
switching. In this model, the nanoparticles are electron-accep-
tors and 8HQ acts like electron-donors.

Under the proposed mechanism, the bistability is a conse-
quence of electron exchange between the electron- donors and
acceptor. This model was demonstrated once again with PANi
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Figure 17. TEM image of Au nanoparticles in PANi nanofibers. The black
dots are Au-NP of =1 nm diameter. Reproduced with permission.®3 Copy-
right 2005, American Chemical Society.

nanoribbons and Au nanoparticles.®®l But unlike the previous
devices,”7#+1%8] PANi was used as an electron donor and a
matrix to keep the nanoparticle isolated along with PVAc (see
Figure 17).1%%]

The change in the conductive state of the device was pro-
posed using the charge transfer that occurs between the donor—
acceptor species when an external potential was applied across
the device. The switching of the device from low conductance
to high conductance state was explained to be due to the loss
of electrons in the polymer (PANi) which was similar to an oxi-
dation reaction. The oxidation of the polymer was proposed to
be the reason for the change in the device conductance.’” But
as the polarity of the applied signal was reversed, the charge
transfer occurred in the opposite direction, hence reverting
the device in the original low conductance OFF state. This
explained why the pristine devices always started with the low
conductance state.

Here again, the polymer matrix is not simply an insulator.
It acts more like a modulated conductor, where the charge-
transfer assists in the switching of the insulator. This would
work well with certain polymers, but more work would be
needed to understand the switching mechanism in polymers
that are inert and act as insulators. Although it must be noted
that this mechanism is quite different from the redox-based
conducting filament mechanism. Here, none of the molecular
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component is expected to migrate- the flow of the electrons is
merely assisted by the charge transfer happening between the
donor-acceptor pair.

7.4. Charge Trapping and Internal Field Mechanism

The internal field mechanism is based on the electron-in-a-box
model, where a metal nanoparticle acts like an columbic trap
and is embedded within an insulator matrix.**2 Paul et al.[8>]
examined the switching behavior of the device consisting of a
fullerene molecule along with 8HQ in a polystyrene matrix,
and treated it as an electron trap to explain the behavior with
a great degree of success. Many works have been published
since, with a similar treatment to explain the bistable behavior
of several other devices.[/:>>87,90.9195,97.98133-1360] For the same
reason, it seems reasonable that the nuances of this model be
examined so as to identify its key features.

This model has also been referred as the “dipole model
and it stresses on the charge accumulation/charge separation
in a manner that a surplus internal field can be sustained.
Paul et al.B®¥] discussed this model to explain the bistable
switching behavior of the devices when he investigated 8HQ
and C-60 molecule consisting device; 8HQ acted like the
electron donor and C60 like electron acceptor. While several
existing models focused on the effect of the charge transfer on
the polymer layer, Paul et al.lB#7] focused on the effect of charge
transfer in the building up of charge and the consequently the
net internal field. Raman analysis of the fullerene molecule evi-
denced charge transfer through a peak shift. But this system
was further simplified by Prime and Paul® when the gold nan-
oparticle charging was demonstrated when a bias was applied
by an EFM tip and the charge retention of the nanoparticle was
investigated. These results, demonstrated that the internal field
model was a valid hypothesis and required due investigation
to understand the change in conductivity phenomenon. Fur-
ther studies with the same system, except with a layer of ther-
mally grown oxide showed an S-curve instead of the normal
O-curve which was seen in the previous studies.?)l This further
strengthened the claim that the oxide contribution could shift
the device behavior from an O-curve to an S-curve system; a
factor that wasn’'t paid much attention to. The unreasonable
attention to ON/OFF ratio was brought to question against
the objective to understand the device behavior. The ON/OFF
ratio approach to device building was further raise when it was
demonstrated that the gold nanoparticle concentration could
be varied to replicate the behavior with high ON/OFF ratio.”!
But the CV measurements revealed a short-circuiting due to
the filamentary growth. Several studies have since then been
published to understand the physics behind the conduction
switching and the material interacts with lesser focus on the
ON/OFF ratio. The core question, as Salaoru et al.’!! puts it is
to investigate the question of what happens when charges are
forced through a device in the presence of a field build-up.

The electron trapping takes place when a “write” voltage is
applied to the device. The write voltage is chosen to optimally
facilitate the tunneling of charges through the thin insu-
lator layer into the nanoparticles, thereby populating it with
charges.I”’) Once the charges are trapped (electrons in this case),

»[93]
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removing the external bias results in continuing the trapping as
long as two essential requirements are satisfied: First ensuring
that the NP is perfectly isolated (or embedded) in the insulator
matrix and second, ensuring that the trapped electrons in the
NPs do not have enough energy to escape the quantum trap.*!
The filling up of the nanoparticles with charged particles
results in a gradual building up of an electric field inside the
device. Thus, an internal field is built up within the device due
to the accumulation of the charges within the nanoparticle. The
change in the ON-state and OFF-state conduction, according
to this model, results from this internal field.®”] As a result, to
revert the device conduction back to the initial condition, an
“erase” function is executed, wherein a reverse polarity bias is
applied to expel the trapped charges.

The charging and trapping of the charges have been utilized
by Saranti et al.,*1% by demonstrating the bistability in nano-
wires (refer Figure 18).

Due to the abovementioned reasons, the role of the polymer
layer is distinctly different in this mechanism. In this model,
the polymer matrix solely functions in the isolation of the
charges. This pre-requisite, also invalidates any active contribu-
tion from the polymer matrix in the switching. It must be noted
that it doesn’t mean that leakage current from the polymer
layer is not taken into consideration. In fact, the leakage con-
duction is attributed to be one of the reasons for the loss of
the trapped charges and the reduction of the charge retention.
However, what this does imply is that the polymer must be
chosen to be an inert candidate; even the operating conditions
(voltage sweep window, voltage sweep rate, etc.) must carefully
optimized to ensure the polymer doesn’t play any role in the
bistable switching.

Such pre-conditions are placed to ensure that the effects wit-
nessed are not due to thermally-dominated mechanisms like
the filamentary conduction. The preservation of the integrity
of result is integral to verify that the switching is due to the
internal field surplus and not due to some kind of soft break-
down of the polymer as observed in several other systems. >8]
But more importantly, the thermal contribution can affect the
device behavior. The use of the nanoparticles is encouraged
to utilize the quantum confinement effects of the nanoparti-
cles.33 The discretization of the energy levels in the nanoparti-
cles, ensure that the trapped charges will not escape, unless the
thermal energy is less than the charging energy (E. > kgT).l133
What it implies is that, the detrimental effect of heat is avoided
as much as possible by ensuring a low current operation of the
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Figure 18. Saranti et al.l®® demonstrated the internal field generation
and charge separation for bistable memory operation in silicon nano-
wire devices. This image is reproduced under the terms of the Creative
Commons Attribution 4.0 International License.”l Copyright 2016, The
Author(s), Published by Springer Nature.
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device. This does lead to lower values of ON/OFF ratios in these
devices, although sticking to a lower current regime ensures
reliability and repeatability. Utmost care is taken to preserve the
pristine nature of the device by carefully biasing it within the
low-current regime, so as to prevent any Joule’s heating of the
device.

The question of the conduction shift through internal field
generation can therefore be broken down into segments like
techniques to sustain the internal field, the choice of materials
used, the choice of insulator, thickness investigation, and many
more. Several macromolecular materials have been investigated
included metal nanoparticles,””8%92% ferroelectric nanocom-
posites,34 nanowires,””% and other organic and inorganic
molecules.3 Several insulators have been studied, including
organic (PS),13¢ inorganic (SiO,, Si,N,)1%*3"l and ferroelectric
materials.®>138 The deposition techniques by which the device
were fabricated include Langmuir-Blodgett technique,”® Solu-
tion-based technique,??l PECVD,!”! thermal evaporation, %013
and chemical processing with semiconductor processing com-
patibility.'*%) Approaches to sustain field or to increase charge
retention has been achieved by investigating the nanoparticle
dispersion concentration to prevent delocalization of trapped
electron through the “coupling of the electron waves (wave
propagation).”[#142]

7.5. Molecular REDOX-Based Switching

This mechanism was first brought to the attention with
Chen et al.’s!™ work on benzene-based compounds in 1999.
In this work, nitro and amine-based compounds that were
placed between metal electrodes, exhibited the N-curve with
an increase of current by around 3 orders before dropping
to the initial OFF state. It was proposed that the switching
behavior observed was due to a two-step reduction process in
the active material. As the voltage is increased the addition of
an electron was proposed to induce the first reduction pro-
cess, which resulted in the high conduction ON state. Further
increasing the voltage resulted in the second-step reduction,
the active material thereby resisting further flow of charges
and the conduction drops to the low conduction OFF state.
The active was concluded to be responsible when nitro-group-
absent materials were testing; not only was the NDR region
found to be missing, but the electrochemical reduction peaks
were missing too in the voltage range.!! Similar reliance
on the nitro-group for conduction switching were found by
Reed et al.*2]

Other materials like Rose Benga 1 and poly(p-phe-
nylenevinylene)*! were also investigated for bistability. In
these cases too, it was found that n-conjugated polymers were
favorable for conduction switching, with the prerequisite being
that the molecule must have the ability to undergo voltage-
induced electrochemical reduction.316] However doubts
regarding the actual switching mechanism were raised when
Jakobsson et al.'¥! investigated Rose Bengal for bistability.
Systematic measurements on Rose Bengal revealed that the
only a small area of the device participated in the switching
and was observed to have a hot spot over the same space. This
raised question as to whether other mechanisms (like filament

1(143-145
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formation) were contributing to the switching along with the
proposed mechanism. %!

Another example of electrochemical reactions causing con-
duction switching is when polypyrole (PPy) layer was depos-
ited under Titanium oxide (TiO,) layer.® The device structure
SiO,/PPy/TiO,/Au was observed to undergo reduction-oxida-
tion to attain charge accumulation. The PPy layer was proposed
to undergo doping when the positive electrode was biased, the
TiO,, on the other hand reduced to release extra electrons into
the system; resulting in the OFF-ON state transition. Applying
the reverse bias was observed to reset the device in the initial
low conduction OFF state.30:14]

It must be noted that this mechanism is exclusive from
the electrochemical metallization (ECM) where the electrode
plays an active role in forming a conductive filament (see Sec-
tion 8.1.2.). Even though both the mechanisms depend on
electrochemical reduction-oxidation processes, here the active
material does not interact with the electrode electrochemically.

8. Other Switching Mechanisms

The charge storage mechanism has been only one of the several
switching mechanisms that have been reported to explain the
device switching behavior. In this section, the other switching
mechanisms will be looked into.

8.1. Conductive Filament Based Switching

The CF-based switching mechanism addressees the switching
behavior of the device to be due to the formation of conductive
pathways formed across the device cross section. The conduc-
tive pathways are formed when the device undergoes forming
procedure and thereby switches from high resistance to low
resistance states (LRSs) and vice versa by forming and rupturing
of the conductive pathways respectively. The forming process
activates the switching behaviors in the device?’ which would
otherwise be challenging to observe in a pristine device. The
high current densities that can be observed in the devices lead
to the formation of thermally-activated ions, which thereafter
follows an electrochemical reduction and oxidation process to
migrate to and fro within the device cross section.3201%] The
exact mechanism of the formation and rupturing of the CFs
vary broadly across two kind of switching mechanism. These
redox-based, switching mechanisms can be broadly classified
as: 1) Anion-based switching, 2) cation-based switching.

8.1.1. Anion-Based Switching

Anion-based switching deals with the device switching that
originate from oxygen ions. Oxides such as, TiO,°>4
NiO,, 155156 Ta0, 17158 ALO, 1591601 Fe,0,,161 WO,162163]
MnO,,'*1 HfO, 16>-168] Gd,0,,1% Co0,,"% etc., or nitrides
like aluminium nitride” or nickel nitride("273] have been
reported to exhibit resistive switching. In anion-type switching,
oxygen vacancies are formed when a potential is applied across
the electrode. These ions are formed mostly at the interfaces,
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where non-uniformity is inherent and unavoidable. These
interfaces, thus become sites for generating oxygen vacancies.
The switching behavior in these devices is achieved by gener-
ating vacancies and by the migration of the oxygen-ion that was
released from the vacancy. Another method of realizing reliable
switching is to create a region within the device that can act
like an oxygen reservoir.'¥l The oxygen reservoir can be an extra
thin layer of material that is oxygen deficient compared to the
rest of the device and can act like a tank to store the oxygen,
so that it can contribute to the erasing function, when the
device switches from high conductance state to low conduct-
ance state. For example, some studies have reported using an
ultra-thin layer of TaO,_, like an oxygen-ion reservoir in a device
consisting of Ta,0s., layer as a switching layer.'”¥ Due to the
dependence on the oxygen vacancy generation and the oxygen-
ion migration, this type of switching is sometimes referred to
as the valence change memory in the literature.'#17>-177]

This type of switching has been studied widely, through the
study of alternate high-k dielectric materials and their behavior
under high electric field. Oxides like WO,, HfO,, TaO,, and
AlO, have been investigated for their switching behavior
through oxygen migration and is an attractive option due to
their compatibility with traditional semiconductor fabrication
technology. This is a huge area of study and a whole discus-
sion of it is beyond the scope of this review article. However,
the anion-type switching can be broadly understood through
the switching behavior of p-type semiconductor like NiOy,, and
n-type semiconductor such as, TiO,_,.2%113]

The origin of conductive filament formation is material-spe-
cific, and is unique for p-type semiconductors and n-type semi-
conductors. Let us consider the switching in TiO, switching
system as an example. Being a n-type semiconductor, the elec-
trons are injected from the cathode and the oxygen vacancy move
from the anode to cathode. The oxygen vacancies move in the
opposite direction to the oxygen ion, and assisted by the Joule’s
heating, the conducting filament progresses from the cathode
interface to the anode interface.’ The device is reset to the low
conductance state by applying a voltage pulse in the opposite
polarity. The conductive filament, in this case breaks at the thin-
nest region and the device reverts to the low conductance state.

On the contrary, a p-type semiconductor such as, NiO experi-
ences the most Joule’s heating originating from the anode due to
the intense hole injection at the anode interface. The immense
temperature promotes the generation of the oxygen vacancies;
the loss of oxygen in these regions leading to the generation of
Ni interstitials. With an increasing generation of oxygen vacancy,
the large accumulation of the metal interstitial agglomerate
to form a metallic filament. This conducting filament then
progresses from the anode to the cathode, at which point the
device switches from low conduction to high conduction state.
To achieve the reverse switching, an opposite polarity voltage
pulse is applied to the device, wherein the filament breaks at the
weakest point and the high conduction state is achieved.

8.1.2. Cation-Based Switching

The electrochemical switching in devices can occur in another
variant of CF formation wherein, the electrodes diffuse and the
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metal ions migrate in the matrix to form metallic filaments;
effectively short-circuiting the device. Also known as ECM,
one of the primary requirements to design such a system in
to have an electrode that is electrochemically active.**78] The
electrochemically active electrode is called the active electrode
(AE) and its inert counterpart is known as the counter electrode
(CE). Over the years, many metals have been studied for desir-
able electrochemical properties that suit an active electrode like
Ni, 721 Zn, 1731 Nb,74 T1,075) Au, 701 and other metals.[7017-181]
But two metals stand out among others, Ag and Cu, as the
favorite for the studying the cation-based switching.[79-152]

The filamentary formation for these metals has been inves-
tigated intensively. For example, Sun et al.’®% investigated the
device (Ag/SiO2/Pt) cross section using high resolution trans-
mission electron microscopy. As can be seen in Figure 19, the
diffusion of silver (Ag) nanocrystals were observed, and this
was found to coincide with the switching of the device. The
reversible forming and rupturing of these conductive filaments
(CFs) were also investigated by Yang et al.l'®¥ The reason for
such preference in electrode choice lies in the electrochemistry
of the metals. First, the standard reduction potential for both Ag
and Cu is relatively low. Compared to the reduction potential of
Au (1.69 V), Ag and Cu have values, E; (Ag"/Ag) =0.7993 V and
Eo(Cu?t/Cu) = 0.339 V, respectively.’” This goes to demonstrate
how both these are electrochemically soluble. But simply being
able to dissolve doesn’t suffice, the ability to make and break
the filament must also be present. The Gibb’s free energy of
oxide formation for Ag and Cu is —11.21 and —129.7 k] mol},
respectively.*) Comparing these values with that of Ni
(-211.7 k] mol™) and Al (5274 k] mol™) gives a comparative
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reasoning as to how the weak interaction with anion, enables
Ag and Cu ions to migrate easily and form metal filaments."!

The mechanism of metal filamentary formation on a is as
follows, when a potential is applied across the electrodes, the
metal loses an electron and forms an ion due to the oxidation
reaction (M— M* + e7). This ion migrates under the influ-
ence of the applied electric field toward the control electrode
(CE). On reaching the CE, the metal ion undergoes a reduction
reaction to form metal atom, thereby undergoing a precipita-
tion at the electrode interface with the dielectric. This precipi-
tation further continues until the accumulating metal atoms
form a metallic filament, which ultimately reaches the AE. At
this point, the metallic pathway, triggers the devices to switch
from low conduction OFF state to high conduction ON state. To
reset the device back to the OFF state, a polarity of the applied
voltage is reversed, thereby triggering the reaction in the
reverse order. The metallic filament begins to dissolve gradually
until the filament breaks at the thinnest region of cross section
(vefer Figure 20).

The redox-based switching has gained a lot of impetus in the
recent years due to the involvement of materials which are com-
patible to the semiconductor technology processes. However,
there are several challenges that need to be overcome before
these devices can be commercialized; reproducibility being a
great challenge. The wide range of distribution in the switching
of the device makes it imperative to have a huge ON/OFF
ratio.l¥] Second, the issue of scalability is a great challenge;!?"!
the issue being related to the manner in which conductive fila-
ments progress through the dielectric. The forming process,
leads to localized conduction by induced non-homogeneity in

L F region
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Cssvvsansns -
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Figure 19. Image showing the formation and progression of conductive filament in comparison with the current magnitude that flowed through the
device. Reproduced with permission.®3 Copyright 2014, John Wiley and Sons.
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Figure 20. Schematics showing the filamentary formation mechanism. Reproduced with permission.[® Copyright 2015, Elsevier.

the interface. These non-uniformity or voids may lead to a con-
centration of electric field at some local areas within the total
device area. It has been observed that the problem can be traced
to the edge-effect where the electric field is concentrated at the
edges of the electrode; referred in the literature as the “fringing
effect.”(1%%]

8.2. Carbon-Based Switching

Carbon-based memory devices have recently gained a lot of
attention in the recent past, where amorphous hydrogen-
ated carbon (a:C—H) is observed to be bipolar in nature,!!
with the device first beginning the operation in low conduc-
tion OFF state. The OFF to ON transition is marked by the
“write” voltage, whereas the ON to OFF transition is achieved
by applying an “erase” voltage, which has an opposite polarity
compared to the “write” signal. The switching mechanism has
been found to be a result of the dehydrogenation and hydro-
genation of H atoms.®l The proposed mechanism points out
to the carbonization of the polymer to be the cause of the OFF
to ON transition, where large fractions of sp? carbon form con-
ductive paths after the forming process. These paths provide
the high conduction to the device that characterizes the ON
state. To revert the device to the low conduction OFF state, a
reverse electric field is applied. This initiates the hydrogenation
of the carbon and the transition of the carbon from highly con-
ductive sp? form to an insulating sp® hybridization form (see
Figure 21).113%%]

This filament formation is similar to the metal filament for-
mation; however, the metal filaments are not formed in the
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same manner of chemical transformation that is witnessed in
the carbon films (refer Figure 21).

Another manner of switching has been observed in carbon-
rich graphene oxide (GO) films. Choi et al.'®l observed that
devices using GO between aluminium electrodes (Al/GO/Al)
exhibited a unique manner of switching (shown in Figure 22).
When aluminium electrodes were used as electrodes, the
device exhibited a switching with an ON/OFF ratio of 100 and
retention of 10° s. The same material (GO) however, showed no
switching with an inert electrode such as gold. The switching
was finally found to a result of an interfacial amorphous layer
that formed due to a redox reaction between the thermal evap-
oration of aluminium over GO. This interfacial layer posed a
wide barrier between the electrode and GO, but as the electric
field was applied to the device, the external electric field initi-
ated a migration of oxygen ions into the GO layer. This migra-

(a) Carbon-rich filaments

Pristine Formed RuEtured Reformed

(b) Metallic filaments
Write ON Erase

OFF
Figure 21. Schematic showing the filamentary formation in inorganic

systems and in carbon-rich organic systems. Reproduced with permis-
sion.[?%l Copyright 2008, Elsevier.
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Figure 22. Schematics depicting the switching mechanism for graphene
oxide-based device where oxygen migration leads to broadening and
depletion of the barrier. Reproduced with permission.'3 Copyright 2010,
American Chemical Society.

tion of oxygen ions impacted the energy barrier such that it
got thinner, thereby facilitating the flow of carriers through the
device and leading to the transition from OFF state to ON state
for the device. The conduction has also been attributed to the
fraction of sp? carbon in the film that can be changed back and
forth to sp® form by an application of electric field.'8¢] There
have been studies that have also shown that GO are able to trap
charges similar to fullerene molecule.[¥-18%

8.3. Metal Oxide Electrode-Based Switching

Resistive switching has been observed various materials, which
cannot be covered entirely in a short review article as this.
There are dielectric materials, binary oxides, perovskite mate-
rial, semiconducting materials, which have displayed resistive
switching, but the whole mechanism of these materials have
not been completely understood. Some of these have been cov-
ered in this section.

The first and perhaps the most widely known materials for
conductive filament switching is the binary transition metal
oxides (TMOs). Other TMOs like VO, MnO, FeO, and some
others have been reported to be Mott insulator; exhibiting the
insulator-to-metal transition, commonly referred to as the Mott
transition.'% The reason for the distinction of the Mott insu-
lators from the resistive switching TMOs originates from the
source of the switching. The Mott transition is considered to
be an electronic transition, whereas the filamentary conduction
is a defect-based-mechanism that relies on the thermal effects
for the switching. Large bandgap dielectrics that have been
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Figure 23. Schematics showing the switching mechanism due to metal
oxide-based electrodes like ITO, where the oxygen migration forms a
depletion region in the ITO, forming a Schottky-type barrier. Reproduced
with permission.[®l Copyright 2015, Elsevier.

investigated for high-k properties have been reported to exhibit
resistive properties. Many publications have reported the resis-
tive switching in Al,Os3; materials like Gd,0; too, have been
observed to exhibit switching.[2]

There have been works that have reported switching based
on electrodes like indium tin oxide (ITO).312 However, the
switching mechanism is not typical of the other materials dis-
cussed so far. The observed switching has been reported due
to an indirect influence of the ITO electrode on the device.
Zhang et al." has reported such switching on a ITO/Gd:SiO,/
TiN device which reported a data retention of 10* s and an
endurance of 10° pulses. The proposed mechanism, utilizes the
property of ITO being an excellent oxygen reservoir exceeding
the oxygen storage ability of other metal oxides. The electrical
analysis of the switching behavior of the device showed the con-
duction mechanism to be Schottky conduction. The proposed
mechanism describes the OFF to ON switching of the device to
be motivated by the high difference of the oxygen gradient in
the metal oxide and the ITO, enhanced by the applied electric
field. During the switching, the oxygen ions are propelled into
the ITO electrode, thereby creating the conductive filament.
The migration of the oxygen into the ITO electrode, leads to an
oxygen-depleted region even within the ITO electrode, leading
to the creation of a Schottky contact between the metal-like [TO
and the semiconductor-like ITO (see Figure 23). This Schottky-
like conduction facilitates a low-voltage switching of the device,
which in this case was 0.7 V. The ON-OFF switching is initi-
ated by the oxidizing of the conductive filament, which exposes
the ITO to the insulating dielectric SiO, layer.

8.4. Coexistent Switching

There have been reports of coexistent switching behaviors
inside a single system, like Jeong et al.’® who reported the
existence of both unipolar and bipolar in Pt/TiO,/Pt memory
cells. This is interesting, as different mechanisms work together
in the same system, the output being thus a combination of
more than one behavior, or perhaps the result of a dominating
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behavior. Salaoru et al.¥! reported the simultaneous switching
of resistance and capacitance in Pt/TiO,/Pt devices.

It was found that devices had a high capacitance state and a
low capacitance state along with the reported high resistance
state and LRS. But this behavior is not exclusive to the inor-
ganic materials, Zhang et al.®®lobserved that the heat generated
during the forming process had resulted in the annealing of the
polymer film and the presence of sp, conductive filaments were
observed. The conduction in the ON-state was contributed to
the combined contribution of the NPs and the conductive sp?
amorphous polymer. Studies have also demonstrated localized
transformation in graphene oxide layer during forming, which
have been claimed to be able to trap electrons in a fullerene-like
manner.[186-188]

This goes to demonstrate that perhaps a lot of the works
that report high ON/OFF ratios with several orders could be
observing a coexistence of partial soft breakdown of the device
along with the charge storage or even unintended involvement
from other switching mechanisms. The differences of conduc-
tion mechanisms reported by various works, even when investi-
gating the same system, must be indicative of factors that have
already been outlined like, the current level during forming, the
rate of voltage sweep, the concentration of the NPs, and much
more. The use of high magnitudes of the currents, it seems to
lend a sort of unpredictability to the system; the uncertainty
born out of multiple mechanisms at work at elevated temper-
atures, low device thicknesses, and the resultant high electric
field.

9. Future Scope

The field of macromolecular memory devices is evolving rap-
idly, especially with easier fabrication techniques to deposit
organic and polymer thin films and the ability to achieve
equally competitive performance, huge potential for growth
lies ahead. However, many questions continue to remain open-
ended in regards to the switching mechanisms. The success
of the field and the commercialization of it, depends on the
maturing of the field. And, this can only happen if further
research is focused toward the systematic investigation of
these questions and endeavor to achieve a unifying picture of
the switching mechanisms and the conduction mechanisms in
the devices. The past results, devices and systems require to be
revisited with closer investigations to attain a holistic under-
standing of the physics that is acting on the various aspects.
For example, what are the influencing factors in a system that
when inclined one way or the other, lead to completely dif-
ferent results?

Furthermore, attempts must be undertaken to identify the
coexistence of multiple switching mechanisms, the factors
that contribute and how these can be eliminated. These would
also bring a consensus to the various competing theories of
switching mechanism and a clarity in regards to the material
behavior. Several mechanisms have been put forward to explain
similar behavior and sometimes even with the same device
structure. A better understanding in this regard would require
an alliance of engineers, physicist and chemist to uncover the
various facets of this issue to gain a consensus.
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Some of the pressing issues that can be understood is that
the field of OMD is that it is still at a stage of infancy when
compared to other fields like organic light emitting diodes or
organic photovoltaics. The device performance are not competi-
tive with the inorganic or silicon-based memory devices. This
would require further attention in this direction to push this
field forward.

Another pressing issue is the lack of large-area manufac-
turing capability as is the case with Si-based memory devices.
Developing a roll-to-roll manufacturing technique with highly
reliable devices is another direction that the field must advance.
This can be made possible with further research that focusses
on a lab to industry technology with a simple, low-cost, and
high-volume manufacturing capability.”!

10. Conclusion

Organic and polymer-based nanocomposite devices hold prom-
ising future for electronic devices. With niche applications
that wearable and flexible technologies, organic devices are
placed favorably for future commercialization. Although much
work is needed before that can happen; answers regarding the
switching mechanism and material properties are required
before the reliable and superior devices can be fabricated. Many
parameters that can affect the switching behavior of the device
have been examined. And for this reason, further publications
must think of these questions before publishing the results. For
example, what preconditioning has been used on the devices?

The internal field mechanism has been proposed through
the many devices that have been fabricated through the past
decade and the results that have been borrowed from it. Sev-
eral other competing proposals addressing the charge storage
of the nanoparticle and the switching mechanisms have been
compared too. While most of the other charge mechanism,
diverge in regards to the reason of the conduction switching,
the internal field mechanism, stresses on the coulombic forces
to be the primary cause for the bistability. This is further sup-
ported by the manageable ON/OFF ratios and how they fit well
within the scope of the model. The necessity of such a model
has risen from the general propensity in the past to focus on
mere ON/OFF ratio to judge the device operation of a memory
device. Other mechanisms too, have been examined in brief;
focusing on the differences therein and the switching mecha-
nisms too.
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