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Abstract

Resistive switching devices are hotly being pursued for use as the fundamental units
in next-generation hardware deep-learning or neuromorphic systems. However, these
devices are still tricky both to fabricate and to operate with consistency.

We present strategies which guarantees that switching devices are functional post-
fabrication, and with switching cycles that are consistent both from cycle-to-cycle
and device-to-device. The resistance of all observed high and low resistance states
(HRS/LRS) spanned just 0.23 and 0.19 decades on the logarithm scale across all
devices, with both states spanning 0.05 within single devices and all SET transitions
falling within a 0.3V span in our multilayer FIB-processed device. DFT simulations
suggest that Au atoms from the top metal electrode implanted deeper in the device
by FIB would serve as bridging atoms for oxygen vacancies filament by promoting
the formation of these vacancies. In addition, multilayer thin oxide films reduce the
stochasticity of filament formation and further improves the switching consistency.

This strategy for high consistency resistive switching devices was subsequently
exploited for a few purposes. Firstly, multi-bit switching was demonstrated to yield
approximately 7 distinguishable states with a single blind set, i.e, without having to
program current compliances or use iterative schemes. Secondly, further insights into
the SET and RESET mechanisms using pulsed measurements could be obtained since
switching stochasticity no longer obscures subtle trends in experimental data.

The implications of this study goes beyond the demonstration of a single high con-
sistency device. Future understandings in resistive switching devices shall be achieved
more easily since causality between processing parameters and device behaviors can
now be quickly established under the significant reduction in switching stochasticity.
The new degrees of freedom introduced here in designing resistive switching devices
will also hasten the search for an optimal device, bringing forward the realization
of large scale resistive RAM arrays for machine learning or hardware neuromorphic
computing applications towards a nearer future.

Thesis Supervisor: Nicholas Fang
Title: Professor
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Chapter 1

Introduction

1.1 Motivation of work

The field of resistive switching or memristors was popularized in 2008 by two simul-
taneous proclamation in Nature[l], 2] that the fourth fundamental circuit element,
predicted earlier in 1971[3] and as the symmetric complement to the resistor, inductor
and capacitor, has been found. This circuit element had been previously named
the "memristor', and the 2008 claim was that some devices displaying non-volatile
resistive switching due to nanoionic migration effects fit the description of the 1971
prediction. This claim soon became untenable in face of opponents who published
ferocious rebuttal]4l [5] arguing that such resistive switching devices do not qualify as
the ideal memristive system because a memristor has to demonstrate memory from
magnetic effects and memory from analogue mechanisms are not acceptable. It is now
generally agreed, or perhaps just to avoid argument, that the ideal memristor has
actually not been found. The publicity in the last decade on the topic of memristors
has been of a mixed bag due to the debacle at the start, but the field of non-volatile
resistive switching has held water and even flourished under all the attention indirectly
focused on it. Nowadays, such resistive switching devices have been incorporated
into large memory arrays and touted for use as next-generation electronics enabling
compute function and memory storage on the same unit. Such units will allow for

faster and more energy efficient training of deep neural networks which in turn powers
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a wide variety of algorithms driving our information rich society in modern times.

There has been an explosion of growth in machine learning in recent years. The
total annual external investment in artificial intelligence is estimated to be between $8
to $12billion in 2016, with machine learning accounting for 60% of this investment[6].
The growth in this field is being fueled by the availability of large data sets and easily
accessible computational resources. Many services are slowly being migrated away
from rule-based systems to A.l.-powered systems, such as voice and image recognition
and language translation. Even customer chat service and job interviews are using
A 1. systems, for good or for bad. Nonetheless, the increased proliferation of A.IL. in
human society is largely positive especially in increasingly burdened areas such as
health care where doctors and specialists are simply too short in numbers to keep up

with a growing population.

There exists many models for machine learning but most of them currently require
huge computational resources to be properly trained before they produce usable results.
Such training efforts are not energy efficient and not as fast as they could be because
of limitations in computer architecture nowadays. This stems from the modularization
of the computer into separate units to provide computational and memory functions.
This modularization has served the computing community well for more than 8 decades
but is now unable to keep up with the esoteric requirements of machine learning.
This is because the fundamental operation in machine learning, take for example the
training of neural networks, require the evaluation of large data sets using an array of
weights and subsequently adjusting these weights based on the error of the evaluation
as compared to some reference output. This is non-optimal on traditional computer
architectures because it requires shifting large amount of data back and forth between
the memory and the computational unit of the computer, costing time and energy in
the process. Next-generation circuits are in development to provide both functions
within the same array, and the best candidate of the fundamental element in this
circuits are resistive switching devices, capable of taking over the function of both the

traditional transistor (for computation) and flash (for memory).

There is a large body of existing literature on resistive switching devices. However,
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there is no clear consensus on how an ideal RS device can be built because there are
too many material systems being investigated and too little work to derive generalized
principles from all the reported results. Part of the abundance of reported results is
because a large variety of materials can be switched. Basically, any material which can
take a soft breakdown and be recovered can loosely be called a resistive switching device.
For example, besides the more commonly accepted oxides, organic materials such
as gelatin[7], egg albumen|§], and chemical compounds such as eumelanin[9, 10, [11]
and chitosan[I2] can all be switched. To add fuel to the fire, the growth in this field
has no doubt encouraged researchers to take a second look when their devices have
electrically broken down and would normally have been discarded, by attempting to
revive their devices using for example a reverse voltage. Even device such as tantalum
capacitors are known to heal with a reverse voltage after a soft breakdown[I3]. The
inclusion of all these different switchable systems under the huge umbrella of resistive
switching devices have made the analysis of results and extraction of general principles

quite challenging.

We can make the analysis of RS systems a bit more tractable by ignoring chemical
and biological systems and confining ourselves to common materials seen in micro-
fabricated on-chip devices as most other researchers in this field do. However, meta-
analysis of all the reported results is still a deep challenge. The simplest RS device will
need to have a bottom electrode, the switchable layer, and a top layer. The identity
of the two electrodes have been found to affect whether the RS device operates in a
unipolar or bipolar mode and so are critical parameters. The identity of the switchable
layer is of course important, but crucially also depends on factors which are difficult
to control, such as impurity contents , deposition method or crystalline structure.
These properties are usually tedious to quantify and are almost always not reported
alongside the RS electrical measurements. This means that any dependence on the
RS character on such properties are lost from literature. Variation in RS behaviors
from papers to papers, even using the same material system, thus cannot be properly

explained in the absence of complete information.

The limitations in reproducibility of RS devices have hindered attempts to improve
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two of their particularly problematic aspects. One aspect is in the low device yield.
The current electroforming process uses a large voltage to activate as-fabricated devices
for switching, but this also has a chance of causing the device to suffer a permanent
breakdown. This is however not too critical a matter because a controller circuit
of a RS array can easily detect and ignore failed RS devices. The second aspect is
the inconsistency in switching and is harder to work around. There is currently too
much variation in switching, both from cycle-to-cycle and device-to-device. This is
problematic because an overlapping range of resistance values for the low or high
resistance state (LRS/HRS) means that some devices will have an ambiguous state,
implying that the data stored as the state of the device is lost. RS devices will need
to have predictable behaviors across wafers, devices and cycles in order for them to be
usable by circuit designers.

Some groups propose to tackle the inconsistencies in switching by calling for tighter
deposition requirements[14]. This probably works, but will disqualify many research
groups who are limited in budget and do not have access to dedicated fabrication
systems. The long-term goal should be to identify all the critical parameters which
affect the switching behavior of an RS device so that future deposition requirements
can focus on controlling these parameters without expending effort in controlling other
non-critical parameters. We have made used of this principle to considerably simplify

some of our deposition steps.

1.2 Current understanding and literature review

The popularization of memristors in 2008 and the search for next generation hardware
neuromorphic circuits has spawned a plethora of research in the field of resistive
switching. In this chapter, we review the trends and methods currently used by
literature.

The simplest resistive device consists of 3 basic elements(see Fig. . These are
the top electrode, the bottom electrode, and the switchable material, typically an

oxide. The fundamental characteristics of resistive devices, as evident in its name, is
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Figure 1-1: The simplest resistive switching device is made up of 3 parts, which are
the top electrode, the switchable oxide and the bottom electrode. Switching between
a high and low resistance state is due to the formation and destruction (dissipation)
of conductive filaments in the otherwise high resistance oxide. In our device, the
filaments are largely formed by oxygen vacancies as pictures, but resistive switching
can also be formed by metallic conductive atoms such as migrating silver or copper
atoms.

in its ability to be cycled between high and low resistance states repeatedly with the
application of sufficient large SET or RESET voltage. The SET voltage is defined
as the voltage required to cause the device to transit from the high resistance state
(HRS) to the low resistance state (LRS). The SET voltage is so named because the
main mechanism in which this state change happens is because dispersed material in
the oxide, which are typically oxygen vacancies or trace metal atoms, migrate under
the applied voltage to form a conductive bridge. This conductive bridge causes the
resistance of the device to drop, thus the transition from a HRS to a LRS. The RESET
is the opposite of SET. When the RESET voltage is applied, the filament breaks, thus
putting the device back into the HRS. Filament breakage is more commonly known
as filament dissipation in literature and the latter term shall be used in this text.
Nonetheless, other mechanisms of switching are possible. For example, there could be
an interfacial switching mechanism [I5] [16] where the entire interface between the oxide
and electrode is responsible for the switching due to a large concentration of oxygen
vacancies near the interface. Webs of filament have also been hypothesized under

the scenario that there is a large concentration of oxygen vacancies [17]. However,
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Figure 1-2: In unipolar operation, both RESET and SET transitions can occur with
voltages of the same polarity. The resistive switching (RS) device will cycle between
the high and low resistance states (HRS & LRS) with each voltage ramp. In bipolar
operation, RESET and SET are controlled by going to a sufficiently large positive
and negative voltage respectively (or vice versa).

it is currently difficult to rule out one mechanism over another due to lack of direct

imaging techniques that can work at the filament level.

Both SET and RESET can be either an abrupt or a gentle transition. If SET
and RESET happens with opposite voltage polarity, the device is then known as
a bipolar device. If SET and RESET happens with the same voltage polarity, the
device is then known as a unipolar device (see Fig. . A bipolar device can be
cycled by repeatedly ramping from positive to negative voltages and vice versa. On
the other hand, a unipolar device can be switched between HRS and LRS simply
by ramping from 0V to either a positive or negative voltage and a state change will
happen as long as the magnitude of the voltage is sufficiently large. The unipolar
behavior is present mostly in systems with a symmetric stack where both the top and
bottom electrode are of the same material. Thus, filament forming by the migration of
materials has no preferred polarity. Literature suggests that filament breakage is due
to Joule heating effect, which inherently has no preferred polarity as both negative
and positive currents will have the same heating effect. Thus, for unipolar devices
where there is no preferred direction of migration for filamentary elements, filament
dissipation can also take place either at a positive or negative voltage. On the other
hand, bipolar devices have a built-in asymmetry for filamentary migration, so RESET
becomes asymmetric even though its underlying mechanism, like Joule heating, need

not be. In other words, RESET is asymmetric in a bipolar device because any net
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behavior will be a combination of the Joule-heating induced filamentary dissipation
superimposed over an asymmetric filamentary migration behavior. Unipolar devices
are typically not favored for actual use because it is trickier to control when the voltage
polarity is not available as a degree for manipulation. The on-off ratio refers to the
ratio of resistances between the HRS and LRS and can span from anything from 1.5

to 10% across different material systems.

In literature, RS devices are typically characterized by I-V measurements using
slowly varying DC voltages or so-called voltage ramps. The other type of electrical
measurements are measurements in a pulsed mode. The main purpose of pulsed
mode measurements are to obtain performance metric for operating speed and to
demonstrate multibit operation. Multibit operation refers to the capability of setting
an RS device not just to LRS and HRS, but to different intermediate states between
the two extreme resistances. An RS device with a 3-bit capacity means that is can be
set to a total of 23 = 8 distinguishable states. Devices with large variability in the LRS
or HRS resistances are unsuitable for multi-bit operation because it will be difficult to
differentiate an intermediate resistance state when each state have a large resistance
uncertainty. These intermediate states are typically obtained by applying voltage
pulses to incremently change the conductance of a filament, or by inducing SET with
an external current compliance programmed on the benchtop measurement device.
When an external device enforces a current compliance, the growth of filament formed
in the RS device will be limited to a certain diameter and thus have a corresponding
resistance associated with it. This is a commonly used strategy in demonstrating

multibit operation in RS devices.

Multibit operation has two major applications down the road. When RS devices
are arranged into large memory arrays solely to be used for storage functions, multibit
operation serves to increase the storage capacity per unit area in the footprint of
the memory array. This is important because the primary performance indicator for
memory cells is its storage capacity while operating speed is secondary. Conversely,
the primary performance indicator for transistors is its operating speed while power

consumption, though important, is still secondary. These rules would of course not
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hold for special use cases, such as for memory cards requiring fast transfer speeds such
as when recording HD videos, or for transistors in micro-controller units to be used in
long life battery-operated devices, but these indicators are the primary criteria with
which a semiconductor foundry will evaluate its manufactured products. The second
major application of multibit operation is when RS devices are arranged in cross-bar
arrays to be used for hardware machine learning. Such an architecture is the hardware
realization of neural networks commonly used in machine learning libraries nowadays.
The principle of transferring such circuits from software to hardware is so that the
neural network can be realized on a smaller overall footprint. This comes as a result of
the possibility of using a single device as a hardware-implemented neural network node
to replace the footprint spanned by a software-implemented neural network which has
to be emulated with a large cluster of transistors. Multibit operation would benefit
hardware neural networks because each device needs to have weights associated with
it, and a more accurate neural network will benefit from having more than 2 discrete

weights at each device.

1.2.1 Classification of mechanism

If conduction occurs through the filament by direct ohmic conduction through metal
atoms, the device can then be classified as a conductive-bridge random access memory
(CBRAM). If conduction occurs by Poole-Frenkel hopping through oxygen vacancies
defect states, then the device can be classified as a resistive random random access
memory (RRAM or ReRAM). Resistive switching (RS) devices refers to the superset of
devices with different conduction mechanism and is the term which we shall use to refer
to our device. The term "memristor" is not used to avoid controversies on how model
memristors oughts to be memory units switching using electromagnetic principles and
not through some other physical constructs, such as through forming and dissipation
of physical filaments. We will later show in our experimental results that our device
can be better classified as a RRAM device. CBRAM devices are typically form with
Cu or Ag filaments since these two elements are somehow more mobile and these

metal atoms would migrate more easily under an applied potential. CBRAM devices

18



are however time-dependent because the formed filaments are unstable and dissipate
by itself. This is unacceptable for memory storage applications, but has found use
for emulating time-dependent functions such as the spike-timing-dependent plasticity
effect observed in biological neuronal circuities.

The earliest reported resistive switching character was in 1967 by Lamb[I8] who
reported that it was possible to cycle SiO2 films between high and low resistance
states. In that paper, he also managed to identify that the filamentary are not metallic
in nature but have some activation energy for conduction. This was supported by
determining the I-V dependence of the low resistance state to be non-linear and by
showing that the temperature of coefficient of this resistance is negative. These checks
have remained as the method of choice in determining the class of conduction of RS

filaments, to differentiate between metallic and non-metallic forms of conduction.

1.2.2 Direct imaging attempts

Since then, and especially from 2008 onwards[I} 2], there has an explosion in the
number of reported systems displaying RS effects. In spite of all the advanced
analytical tools now available to typical research groups, efforts in the characterization
these devices have only progressed at a moderate pace due to the dimensions of
these filaments and stochastic nature for the formation of these filaments. Some
groups have undertaken heroic efforts and successfully used HRTEM imaging to
directly observe these hypothesized filaments (see reproduced TEM in Fig. [I-3[19]).
Their results have not only provided a strong experimental evidence for the core
hypothesis of filament formation for other groups to build upon, but also conveys
the immense challenge in such direct imaging experiments. Kwon and coworkers
deposited a Pt-TiO2-Pt stack and triggered a SET in their unipolar RS device with a
relatively large current compliance of 20mA. This causes part of the top electrode to
be blown off as an indication of the position where the formed filament is possibly the
strongest /thickest. A lamella was then extracted from this region for TEM imaging.
With the correct orientation in the lamella good for observing the Magneli phase of

TiO2, a bridging Magneli filament can be identified, with this Magneli phase filament
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Figure 1-3: The direct image of the resistive switching filament is hard even under
ideal circumstances. In (a), the filament can be electrically measured in-site be in the
conductive low-resistance state (LRS). In (b), the filament is in the HRS. The two
TiO2 structures only differ by crystallographic phase , where conduction is mediated
in (a) with a Ti,Os,_1 Magneli phase confirmed through a separate electron beam
diffraction analysis not shown here. Figures reproduced from Kwon’s[19] Fig. 2a and
2f with permissions.

disappearing after an in-situ RESET transition. The dimension of this filament
spanned approximately 10nm in width and differed only from neighboring material by
a different crystallographic structure confirmed by a TEM diffraction pattern. The
difficulty in imaging such filaments is also raised by the low probability of capturing a
filament during lamella preparation. The effort to search for these nanoscopic filament
has been commendable, but such technical capabilities are beyond the reach of most
research groups to replicate anyhow. Thus, there has only been a handful of replicate
TEM studies so far[20] 21], 22, 23] but they are so far all in agreement with Kwon et.
al’s findings.

1.2.3 Limitations in inconsistencies

When resistive switching devices are used for hardware machine learning applications,
such as in crossbar arrays to implement edges of a deep neural network, the operational
characteristics of the resistive switching devices become important in determining
the limits of the training. Novice implementations of deep software neural networks

using open-source libraries (Tensorflow, Pytorch, etc...) with a few lines of code can
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easily reach test accuracies of 98% on the MNIST database[24], whereas state-of-
the-art software-implemented neural networks has climbed in test accuracies to a
mind-boggling 99.8% in 2015. However, simulations of hardware neural networks
implemented by RS devices have found that test accuracies will be significantly limited
when RS devices have lackluster switching performance[25]. Gokmen (2016)[25]
simulated device-to-device switching inconsistencies and found that a 300% statistical
variation in resistance step changes in response to some pulse will drop test accuracies
from 99.8% to a limit of 90%. In typical resistive switching devices, the resistance
ranges of the HRS and LRS can span several orders of magnitude (1000% statistical
variation per order of magnitude), but Gokmen found that a variation of 1 order of

magnitude would be sufficient to drop the test accuracy to 0%.

On the other hand, such simulations of hardware neural network are helpful in
telling us which targets would be less important to pursue. Gokmen (2016)[25] shows
that an on/off ratio of 10 to 50 is sufficient to minimize noise and not limit test
accuracy. This stands in contrast to reports of devices which boasts on/off ratios
of 10* to 10° by saying that such large values are not necessary. The knowledge
of the relative significance of each parameter in determining the limits of hardware
implemented neural network is important because there is often a trade-off when
trying to optimize each character of an RS device, so insignificant parameters should

not be optimized if doing so will jeopardize other significant aspects of the device.

Such simulations are also useful in studying mitigation strategies for what are
commonly perceived to be limitations in RS devices. For example, Burr (2015)[20]
find that asymmetries in the switching character from responses to positive versus
negative voltage pulses can be mitigated by simply operating the neural network
normally with one polarity and using the other voltage polarity occasionally to reset
the network. Gokmen (2016)[25] further states that these response asymmetries are
not an issue because the control circuit for such hardware-implemented neural networks
can have compensating circuits built in to correct for this asymmetry, as long as such
asymmetries are common to each device so that one compensating circuit can serve

the entire array of RS devices instead of requiring one compensating circuit for each
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device. Similar analysis made in the same paper further stresses the importance of
device-to-device consistency for RS devices, where inconsistencies would lead to either

test accuracy limitations or larger effective footprints.

1.2.4 Modeling attempts

Another aspect of development in the research of RS devices is in the modeling of
such devices. However, this still a developing field due to the lack of breadth to the
data available. As mention, directly imaging of RS filaments is difficult to conduct.
In-situ observations of switching on open-face transverse RS device have also been
reported, but there are criticisms in whether such observations are good proxies for
how switching actually occurs in a bulk oxide in typical device because migration
behaviors would be vastly different at open surfaces than in the bulk.

There are three standing models for the microscopic origin for the migration of
filamentary material[27]. The first model is movement of oxygen vacancies due to the
electromigration effect. This is simply due to the interaction of the positive charges
with the electric field generated by an applied voltage. This model can also be coupled
with Joule heating effects where local temperature rises can provide additional kinetic
energy for oxygen vacancies to more successfully hop over to an adjacent site under
the electromigration model. The second model is by the Soret force which develops as
a result of Joule heating. In this model, local temperature rises creates a temperature
gradient V'T" where an oxygen ion migrates down the temperature gradient, conversely
implying that oxygen vacancies will migrate towards at local temperature hotspots.
The three model is by Fick’s diffusion, which can be accelerated by Joule heating.
Fick’s diffusion trivially describes the migration of oxygen vacancies away from high
concentration regions, and can be easily applied to heated filaments to explain the
RESET process where constituent materials in the filament break up to exhibit the
LRS to HRS transition.

There is flexibility in mixing, interchanging and tweaking the mechanisms described
above order to fit to experimental results and a variety of composite models have been

proposed by many papers. However, there is not yet clear methods to differentiate
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one model from another because this requires nanoscopic probing arrangement to
detect temperature, electric fields, or ionic content, and is generally a challenging
effort. Thus, the current bottleneck in understanding is not in the generation of more
theoretical models, but in the designing of experimental procedures to expand the

multitude of tools for differentiating one mechanism from another.

1.2.5 Proposed work

We contribute to this arsenal of tools by demonstrating a highly consistent RS stack
whose behavior can be modified by incremental changes in order to correlate specific
process parameters with changes in the observable switching character. This is an
improvement over existing devices which may have excellent switching character but
whose characters are highly sensitive with small changes in the device make-up or even
just going from device-to-device. The ability to correlate individual process parameters
with specific RS characters will enable the RS mechanism to be broken down into
smaller steps to be made sense of and can help to break through the impediment in
this field that each reported device have its own unique set of switching character and
can hardly to compared to another reported device. In a future effort to increase the
ease at which different devices reported from different groups can be compared, we
will also present a figure of merit which can quantify switching consistency using a
single variable. This will collapse 2D plots used to illustrate the consistency of each
measured device into a single variable can then be consolidated and plotted against
other process parameters in the hope of identifying a link between them. Such an
identified link will then provide guidance for future design of RS devices with high

switching consistency.
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Chapter 2

Quantification of consistency

Resistive switching (RS) or RRAM devices typical have a large variability in cycle-
to-cycle and device-to-device switching. It is a major aspect of ongoing research to
address this device consistency, but there has so far been a lack of proper method
to quantify this performance. We introduce a quantitative measure which can be
easily extracted from a CDF plot commonly used to illustrate device consistency. We
show how this measure remains constant with regards to the scale of the device, the
measurement voltage used, whether the device is Ohmic or non-linear, and regardless
whether this measure is extracted from the CDF for the device resistances or currents.
This will allow future studies on device consistencies to be better quantified, and will
also enable meta-analysis of results already published in literature to be conducted

with a potential systematic review.

2.1 Introduction

One recurring theme in research on RS devices is on the need to improve the switching
consistency. Switching consistency is needed for RS devices to be part of a larger
system such as a RRAM array since a control circuit will need to be programmed in
advance to know how to apply a waveform to toggle the RS devices between states
during a write cycle, and to know what probe current corresponds to what state

during a read cycle. The switching consistency is most easily observed with I-V plots,
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where the most consistent devices will have I-V sweeps from multiple cycles neatly
superposed on one another, whereas erratic devices have will highly variable transition

voltages and resistance states.

However, there are some limitations in relying solely on I-V plots for determining
the consistency of devices. Firstly, it is hard to obtain a quantifiable metric from the
scatter of sweeps in I-V plots. The largely qualitative nature of this metric means that
it will be hard to apply statistical methods to find correlations in this consistency with
device fabrication parameters. This will be a handicap on the use of big data analysis
in this field. Secondly, I-V plots between different devices, material stacks and groups
will be hard to compare with one another. A perfectly consistent RS device display
different characters, such as being unipolar or bipolar, have transitions that can span
from a gentle one to abrupt. These second-order descriptors come above the primary
descriptor of resistance values and transition voltages, but are present in I-V plots and
would complicate the analysis of consistency. The solution to obtain an analyzable
quantity to evaluate device consistency is to extract properties of the RS device at
small test voltages for each sweep cycle for further analysis. This has been done in
most papers where the cumulative probability or cumulative distribution function
(CDF) plots[28, 29] B30, B3], 32} B3] are shown for properties such as device current,
resistance, or transition voltages. Some papers [34] 35] 36, [37, [38] have brought this a
step further to extract a single numeric value for quantify device consistency by using

the coefficient of variation,

, where o is the standard deviation and p is the mean, evaluated on the spread of device
current, resistance, or transition voltages. The coefficient of variation is a well-known
statistical measure, but its use has not yet been carefully evaluated in the context of
RS devices. To the best of our knowledge, there are no other quantitative measures of
consistencies used by literature on RS devices. Here, we show a shortcoming in C,,,
but also show how it can be extended to what we call the logarithmic coefficient of

variation, C},. The new statistical measure presents several advantages for universal
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adoption as a figure of merit for consistency. We will show how this metric is invariant
on the range of measurement or fabrication parameters. Specifically, we will show how
this metric remains constant when evaluated on the various types of published CDFs,
regardless whether device current or resistance is plotted, and showing insensitivity
to device area scaling, polling voltage, etc. Such a quantity would thus be ideal for

evaluating the consistency of RS devices.

2.2 Method

2.2.1 Evaluating the log coefficient of variation, (),

We will first describe the steps of extracting the log coefficient of variation, Cj,, for
a RS device and leave the analysis of the invariant nature of this metric to the next
section.

The first step to evaluate Cy, is to collect values across RS sweep cycles and/or
devices. These values can be the device resistances or currents near some small
polling voltage. The magnitude of the test voltage should be sufficiently small so as
not to trigger SET or RESET, but large enough to provide a measurable current.
Frequent values seen in literature vary from 100mV to 1V. The logarithm of the device
resistances (or currents) is then tabulated and plotted on a cumulative distribution
function (CDF) plot (see Fig. [2-1)). We define Cj, to be the variability of these
logarithmic values, extracted about the median value at some predefined interval, for
example, the interquartile range of 25%-75%, the wider interdecile range of 10%-90%,
or some other symmetric range about the median as preferred. Strictly speaking, this

)2 ,
M) because it

variability is not the usual standard deviation (given by o =
is evaluated about the median rather than the mean and is more accurately known
as the median absolute deviation. Loosely defined, Cj, can also be defined as the
spread in the logarithmic values of device resistances (or currents). In literature,

the coefficient of variation, C, = o/pu, is typically used to quantify consistency as

it is a conventional statistical measure but this quantity is inadequate in describing
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Figure 2-1: (a) Typical schematic for measurement on a resistive switching device,
showing the device stack, repeated cycles of I-V and the cumulative distributions
for the two resistance states. (b) Simulated random drawings for device resistances
were carried out to demonstrate how (), varies (ignoring HRS or LRS assignment).
For each of 5 sets of drawings, the log of these values were drawn from a normal
distribution with a standard deviation of oy, and an arbitrary mean. The cumulative
probability of the drawings are shown. The annotations on first blue plot shows how
our metric for consistency Cj, can be easily extracted. This metric can be evaluated
for the 25-75% or 10-90% interval as preferred. Sim 1,3,4,5 were drawn using the
same oy, value and subsequently have similar Cj,. On the other hand, the commonly
used coefficient of variation, C,, unreliably varies with minor changes in the random
drawings. (c) Metric can be applied on literature data, also suitable for use regardless
whether the CDF for resistance or current is plotted.

highly variable RS devices whose resistance states can often vary over multiple orders
of magnitude. When large variability exists, C), is not a good measure because it
is normalized by the highly variable mean value p of the device property. C), thus
requires a large sample population to converge and will be much less reliable as a
metric than the Cj, we propose. A simple simulation was carried out to demonstrate
the variable nature of C, (see table inset of Fig. . On the other hand, C, remains
suitable to quantify parameters which does not vary over orders of magnitude such as

the onset voltage, but the simpler standard deviation ¢ would suffice there too.

As intense research into RS devices continue, their switching consistencies will

improve across the board, while this in turn causes the criteria for declaring devices to
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be “consistent” to become stricter over time. (', can adapt to the evolving demands
by expanding the interval used, say from 25-75%, to 10-90% or perhaps to a strict
0.1-99.9% at some distant future when the consensus becomes that no more than 0.2%
of devices shall have outlier performances. The use of a strict 0.1-99.9% interval will
magnify the value of Cj, and emphasis the effects of outliers. We shall use a 10%-90%

interdecile interval in the following analysis on (), and in subsequent chapters.

2.2.2 Invariant qualities of Cj,

A metric used to quantify switching consistency should ideally reflect the variability
of the device and not be dependent on other factors which vary widely in literature.
For example, reported RS device can span from 10nmx10nm[39] to 0.1mm x0.1mm
or beyond, so the metric should of course be invariant on device area. This metric
should also not depend on the polling voltage so that it remains valid for comparison
between published reports where devices are evaluated at different poll voltages as
freely determined by different research groups. Also, there is no consensus in literature
on whether the distribution of device currents or resistances should be plotted to
illustrate variability, so an ideal metric should have the flexibility to be evaluated on
either plot. We will verify that our proposed metric has all the above properties.
Device resistance at some poll voltage, R|y—y, = V,,/I, is determined by applying
some poll voltage V), and measuring the current through the device. The resistance of
a non-linear device will vary with the poll voltage, but we leave its treatment to a
later paragraph. Since device resistance is inversely related to this measured current
with
log (R|V:Vp> =log V, —log I, (2.1)

the CDF for the logarithm of device current and resistances is related by a 180°
rotation (see Fig. . Importantly, the horizontal spread of the CDF plot will not
change. This means that C}, with a symmetric interval will have the same value when
evaluated on either the device resistances or currents.

From Ohm’s law (Eq. for a simple resistive device, we can also see how the
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Figure 2-2: A random drawing of device parameters for the high- and low-resistance
states (HRS & LRS) was made. The CDF for the logarithm of the device currents
and resistances are rotational copies of each other. The red dotted line in (b) shows
the effect of measuring device current using a different poll voltage. The consistency
metric Cj, remains constant throughout all these changes. The random distribution is
deliberately made asymmetric with a narrower distribution of more resistive states
above the median as a visual marker to help observe the 180° rotation.

polling voltage does not affect Cj, because a change in the polling voltage from V,; to
Vp2 corresponds to a horizontal shift of log(%) in the CDF for currents and no shift
for the CDF for resistances, leaving no scale changes to either CDFs. RS devices in
the low resistance states (LRS) usually obeys Ohm’s law[40, [41], 42] because current
can pass through the RS filaments either by direct conduction through metal dopants

for CBRAM devices, or via defect states of oxygen vacancies chain with negligible

activation energies[43].

We extend the invariance analysis of C}, for HRS states where devices typically

have a dynamic impedance, such as that with a Poole-Frenkel response[44] 45] 46, [47],

—q (¢B - \/ﬂ)

kT

I o Fexp

, where the applied electric field E is proportional to the applied voltage, ¢p is the
hopping barrier height, and ¢ is the dielectric permittivity. This equation can be
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Figure 2-3: Three sets of simulations, each with a different k, were performed to get
random distributions of Poole-Frenkel devices. For each of these distributions, the
CDF of the resistances seen at 3 different voltages are shown. The variable k describes
non-linear behavior in devices obeying Poole-Frenkel conduction. An ohmic device
has k = 0 and a measured resistance which does not depend on poll voltage. A larger
k value implies greater non-linearity, as seen by comparing (b),(c),(d). A non-linear
[-V behavior means that the measured device resistance depends on the poll voltage.
For example, a device with & = 3 in (d) will appear to have a smaller resistance
when polled at 1V compared to when polled at 0.05V. However, this change in R
corresponds only to a horizontal translation of the CDF and so (), remains invariant
on the choice of poll voltage.

31



simplified to focus on experimentally determinable values,
! 1/2
In <v> — kVY2 4 In(A) (2.2)

, where k = (¢3/ 7T5d)1/ ? s approximately a constant function of physical constants,
dielectric thickness d and electric permittivity €, and A is a catch-all parameter which
varies from cycle to cycle. A determines the switching consistency since it is directly
dependent on the physical properties on the filaments formed, such as their combined
cross-sectional area or conductance. At some poll voltage V,, with a certain device

current I, the resistance is given by

Rly-y, = ‘? = /11 cexp (—kV'2) .

This means that the experimental choice to evaluate the resistance at a different poll

voltage V| will cause the determined resistance to see only a scaled change,

Rly-y,  exp(kV,/?)
Rly-y, exp(kvpl,/Q) ’

implying that In Ry, only sees a shift and no scaling changes. This shows that C,
remains invariant under arbitrary choices of the polling voltage even for a non-linear
Poole-Frenkel dependence of device currents on voltage (see Fig. . In this analysis,
it is assumed that the dielectric permittivity k remains constant between switching
cycles. This is a plausible assumption since k is a scale-invariant material constant and
is unlikely to depend on the specific location or physical dimensions of filament formed
during a particular switching cycle. Similar analysis of other conduction mechanisms
commonly fitted to RS devices (see Table shows that (), will also remain invariant

regardless of V.
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Type Form IgR with different V,, Cr
Ohmic I=V/R no change
space-charge limited current[48] J= %usosT‘L/—g shifts by In <%> invariant
»

hopping J = qn\fexp (‘”\,igi}&’) shifts (complicated form)

. —q| dB—+/qE/m exp( kV,}/?
Poole-Frenkel [49 I x Eexp w shifts by M

b B exp (kVp1,/2>

Table 2.1: Effects of changes in the CDF plot of lg R and proposed metric C, for
various types of conduction mechanisms.

2.3 Summary

In summary, we have introduced the log coefficient of variation Cj, as a metric
to quantify the switching consistency of RS devices as an improvement over the
metric used in existing literature. We showed that this metric is independent on
the measurement choice of device current or resistance, on device area, on poll
voltages and extending well to non-Ohmic devices. Because of these merits, C}, is
valuable not just going forward, but will also be usable on the trove of existing CDF
plots in literature results in contributing towards future review studies of RS device
consistencies. This will hopefully uncover new correlations between process parameters
and device performance and contribute to improvements in switching consistency in

future RS devices.
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Chapter 3

Design of semi-automated probe

station

Given the importance of electrical measurements, it is paramount for any research
involving RS devices to build up capabilities on performing such measurements. This
is especially important in the field of RS because of the inconsistencies of devices
from cycle-to-cycle and device-to-device. Other microfabricated devices may suffice
from manual measurements of a few measurements taken in a single measurement
session, but for RS devices, there are useful information to be learnt from the scatter

of measurements as well.

This chapter describes the guiding principles used in designing a custom probe
station for electrical measurements and how the various modules were put together
to support semi-automatic DC or pulsed electrical measurements supporting sample
translation, probe touch-down and with sample heating of up to 250°C. Given the
limited time of this project and the vast amount of potential work in this field, not all
the available options provided by this probe station were used to their fullest extents,
but some preliminary work had been carried out for each available option (heating

and pulsed measurements) and the results will be useful to guide future work.
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3.1 Guiding principles for design of characteriza-

tion station

The precision of -V measurements increases with sampling time. This is a combination
of two factors, one from the trivial improvement in the sourcemeter’s analog-to-digital
conversion accuracy with a larger time-averaging window, and the second is from
the averaging of each measurements over each AC power line cycle at 60Hz (for
US consumer supply). To characterize bipolar devices, each I-V cycle should also
provide the device under test with a voltage excursion from 0OV to beyond the SET
voltage, then to beyond the RESET voltage going through 0V, and then back again
to OV. This sets the bare lower limit for a reasonable measurement. The very bare
measurement would span from -4V to 3.5V with a minimum voltage step of 100mV
and with each electrical current measurements spanning at least 5 power line cycles.
This sets the lower limit of 6s for each I-V measurement, but in practice, data is
collected with a higher accuracy with finer voltage steps, some finite soaking time of
100ms at each measurement point to avoid observing capacitance charging effects and
using a longer time averaging period. For a fresh device, multiple I-V sweeps would
be collected with incrementally increased voltage ranges in order not to accidentally
cause a permanent breakdown with large voltages unexpected by a device. This step
later became redundant when fabrication guaranteed the production of devices with
predictable electrical characteristics but these incremental measurement programs were
kept as it in because there was no good reason to use riskier measurement programs

and lose potential readings when devices breakdown prematurely.

A freshly fabricated device is subjected to a series of test which starts with small
probe voltage range of -0.5 to 0.5V intended to extract inital resistance states without
causing any SET or RESET. The automatic program then subjects the device to
incrementally wide voltage ranges to capture its SET and RESET points, repeats
that, then does 20 cycles of voltage sweeps from -3.5V to 3.5V to capture cycle-to-
cycle consistency performances. This basic test set takes 1200s to execute for each

device. These preliminary data is then reviewed before continuing with more intensive
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measurements depending on the aim of investigation for that particular device.

Some statistics were extracted from all the data collected from the probe station
to provide further justification of the effort which went into building it. These data
spanned from 16 Nov 2017 to 17 Feb 2019. Earlier data are ignored in this paragraph
because they came from a probe station at a physically different location on campus.
In the 458 days of this survey, 23016 I-V sweeps were carried out on 433 devices
across 61 unique chips. These measurements took 148h combined. This is clearly not
practical with a manual probe station where the experimentalist is expected to touch
down a probe at each device and sit through with the device while the measurement
runs. Data collected at the scale done for this project requires automation, both
in terms of the hardware required to do probe positioning and software required to
interpret the response to make decisions on subsequent steps, including how to recover
from unresponsive device measurements or lose of probe contact. This is ideally done
on a probe station dedicated for the project in contrast to one in a shared facility due

to the long measurement times taken up.

The step in automation is also in line with the trend in using big data analysis in
scientific research. However, this project is different in scope in that it focuses on the
collection step of "big data", an aspect in the pipeline of big data analysis which is
often neglected when research groups choose to focus more on applying algorithms
on existing data sets. All these aspects in the pipeline of big data analysis, spanning
from collection, to storage, and to analysis, are all essential components in the overall
system or project. Fortunately, all these aspects have been made easier with the
availability of libraries, tutorials or commercial services which have provided this probe
station with capabilities with perhaps 5% of the effort than if it was built a decade ago.
Libraries for hardware interfacing or data analysis are now open-source and friend to
use. Tutorials now come from beyond books and journals, such as online forums and
Youtube. Such new medium is expected to grow as an increasingly useful resource for
an experimentalist-in-training as a complement to the traditional mentor when human
time is increasingly more scarce as a resource. Finally, commercial services such as

PCB manufacturing now available on the cheap, and provision of maker and machining
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spaces on campus to support research, have all greatly improved the speed in which
custom hardware can be created to tackle needs which not satisfied by off-the-shelves
solutions. Going forward a decade, new tools will surface and render the following
technical aspect irrelevant akin to how C++ subtleties in data analysis or bitstream
aspects of device communication from a decade ago no longer demand attention.
However, guiding principles in system design described in the above paragraphs will

still hold.

3.2 Modular description of probe station

A systems view of the probe station is provided in Fig. [3-1I On the hardware side,
provisions are included to allow electromechanical driving in 3 axis. Two of these axis
are present as the X-Y axis on the stage holding the chip under test. The third is
in the vertical axis of the arm holding the gold wire probe. Both the stage holding
the chip and the arm holding in probe have other manual degrees of freedom (6 total)
capable of fine positioning to 10um, but coupling just 3 of these degree of freedoms to
electromechanical actuators is sufficient to allow software-driven probe of arbitrary
locations on a chip. Software driven stepper motors (17HMO08-1204S, 0.9° steps, 1.2A,
15.60z-in torque, NEMA17 face) control these 3 axis by pulling on positioning knobs
through timing belts with a gear ratio that theoretically provide 0.6um/step. The
stepper motors can be driven either using an open-source GUI controller (GitHub
gerritv/Grbl-Panel) or using a wireless gaming controller through a custom library. In
practice, this positioning resolution is worsened to about 1 to 2u/step due to system
backlash and other motion non-idealities, but more than sufficient for this project to
contact the smallest 50um square pads with @25um gold wire probes.

Gold wire probes were used since it is pliable and can be over-driven into a device
without scratching it (see Fig. . This increases contact stability and minimizes
the risk of vibrations coupling into the set-up in causing mechanical damage or loss of
electrical contact. The gold wire probe also never oxidises under normal use, though

it has to be trimmed or replaced completely after testing a device to destruction.
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Figure 3-1: Breakdown of probe station showing software modules (left side) and
hardware modules (right side). The software modules consist of a data collection,
data storage and data analysis portion. The hardware modules consist of several
modules as follows. The motion controllers (orange connections) drives the sample
around in the X-Y direction and allows the probe to driven in the Z direction.
The electrical test suite consists of a commercial off-the-shelf sourcemeter, function
generator and oscilloscope. The optical modules consists of image capturing with a
CCD camera, optical illumination with a white light LED and optical excitation with
an AOTF-filtered laser from a supercontinuum laser. The heater module consists of
a thermocouple probe and heater attached to the auxiliary stage, with PID control
implemented by both a hardware controller and a software monitor. The details of
the probing arrangement is in Fig. [3-2
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Figure 3-2: Zoomed-in detail of the probing arrangement. The probe manipulator
hold a wire holder (not shown) which then holds the gold wire. The @25um gold wire
is snipped at the end to produce a clean probing tip. A conductive beryllium copper
clamp holds the substrate down and provides an electrical path to the sourcemeter
common (connected to ground at sourcemeter). The sample is held on a heatable
auxiliary stage with standoffs from the primary stage so as to minimize thermal losses
into the primary stage. The primary stage and the probe manipulator each have 3
high resolution degree of freedom positionable to 10um. 3 of these degree of freedoms
were motorized (xy of stage and z of probe manipulator, with axes shown in brown)
to enable software control while the other 3 remained as manual controls (axes shown
in black).

The destructive testing causes debris to be coated to the tip of the gold wire and
hinders good electrical contact with subsequent devices. Conventional tungsten probes
(Signatone SE-T and SE-TB) are used in two special scenario. The first is in verification
tests to confirm that measurements are not influenced by the choice of probing needle.
The second is in electrical tests on devices with a top metal contact such as Ti, Cu
and Al which oxidizes and thus have to be probed with a stiffer wire to break through
this surface oxide. On the other hand, probing of Au, Pt and Ag surfaces can be
done easily with the gold wire probe without hindrance from a surface oxide. Our
measurement result is not affected by the material choice of the probing needle because
it already has a top electrode. Other literature which perform conductive atomic
force microscopy (CAFM) measurements directly on the switchable oxide would have
to choose their wire probe material with more attention. The gold wire or tungsten

probe are connected to a probe manipulator through various couplings (see Fig. [3-3)).

Heating capabilities are provided by a 102 ceramic heater slab embedded in an
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Figure 3-3: The probing assembly used is shown. In this picture, the g25um gold
wire normally used is replaced with an coarse aluminum wire for greater visibility.
When a tungsten probe is required, the front end of the probe assembly is replaced
with an alternate probe holder (in inset).

aluminium channel, controlled via a 12V power supply toggled by a custom-built PID
controller with temperature feedback via a K-type thermocouple sensing the surface
temperature of the aluminum channel. This allows software control of heating to
any user-specified temperature of temperatures less than 250°C. Higher temperatures
can be obtained using a larger power supply. Commercial PID controllers with serial
communication can also be used but the custom-built PID controller was available as
surplus from some other work. The heater is elevated from the stage positioner to

reduce heat loss.

Sample positioning is facilitated by a 1/2" color CMOS camera with white light
illumination provided through a 50:50 beamsplitter (Thorlabs EBS1). The white
light illumination was designed to be toggled on or off via software but the device
was found to be insensitive to ambient lighting conditions. This sensitivity test was
conducted by coupling a laser source through another beamsplitter (Thorlabs 70R:30T
BST10R). The laser source is a white super-continuum laser (Fianium WhiteLase
micro) filtered through an acousto-optical tunable filter (Fianium AOTF-DUAL). This
optical excitation on the probe station was included to support another project but

not further used in the characterisation of our RS devices.

Benchtop measurement equipment are connected to the device under test through

the wire probe and with the return path through the substrate. A copper-beryllium
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clip pinning the chip down provides this substrate contact. All substrates used were
chips from n-type degenerately doped Si wafers for maximum substrate conductivity.
Typically, only a sourcemeter (Keithley 2450 Sourcemeter) is hooked up to the device
under test, but an arbitrary function generator (Tektronix AFG3052C) and oscilloscope
(Agilent MSO-X 2024A) can be be connected in parallel to the device for pulsed mode
measurements. All these benchtop equipment are exposed through the software
controller program via USB (through the VISA protocol).

The software controller stack is built with Python, starting from libraries imple-
menting communication with devices mentioned previously (stepper motors, CMOS
camera, benchtop equipment) and higher-level libraries implementing the experimental
procedure. Error handling code deals with unresponsive equipment by triggering
110AC power relays to reset the culprit equipment without human intervention. All
measurements are tagged with sample, date time and equipment settings metadata
and stored in a database for later deeper analysis, though a graphical summary is also
automatically generated in real-time for immediate feedback.

A separate analysis library was written to simplify the simultaneous analysis
of all the data collected. This is necessary to identify small trends hidden behind
measurement noise, or to revisit data from old measurements from another perspec-
tive guided by fresh insights. Occasionally, measurements are wrongly tagged with
erroneous sample information by human error. Such mistakes are immediately fixed
by a traceable patch code so that the database is kept clean and accurate for ease of

scientific analysis.

3.3 Summary

In summary, a custom probe station with semi-automated features was built from
scratch with various different hardware and software modules put together as described
above. This required great effort as opposed to using a generic probe station which
would already be available at most shared microelectronics facilities. However, such

customization and automation is necessary when dealing with poorly studied devices
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whose behaviors are either unknown or not easily captured at a conventional probe
station. Nonetheless, future researchers might be spared this effort in the future when

all-in-one probe stations could become commercially affordable.
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Chapter 4

Strategies for improved consistency

in resistive switching

Poor device yields and low switching consistency in resistive switching devices can
be attributed to two main causes which we will demonstrate how to tackle. Low
device yields are largely due to the stochasticity in initial filament formation, a.k.a,
electroforming[50]. We tackle this by using metal atom implantation to form a seeding
site for filament formation with high yields. Earlier studies to test the effects of
embedded nanocrystals in oxides were promising in improving device yields but had
other performance limitations[51], [62] or were confined as empirical studies[53], [H4].
Poor device-to-device and cycle-to-cycle switching consistency is due to large variances
in the physical form of the filament from cycle to cycle[50, 55, 56].

We tackle this by splitting up single thick films into multiple thin films separated
by conductive thin spacer films. In additional to the better performance, our strategy
is also more scalable than the use of bilayer oxides now popular[57, [58, [59] for
improving switching consistency because our oxide-conductor bilayer can be made
thinner and repeated with a lower tendency for the thin films to interdiffuse due to
better phase segregation characteristics between oxides and conductive nitrides[60].
From experimental data, resistive switching appears to be significantly more consistent
for a series of multiple short oxide gaps in contrast to one large oxide gap. Each gap

has to be spanned by some filament, web of filament, or interfacial conduction for the

45



gap have a drop in resistance. The two above approaches were used in conjunction to
show that fabrication yields, device-to-device and cycle-to-cycle switching consistencies

can all improve significantly with modified approaches of fabrication.

4.1 Method

We first describe a basic set of deposition procedures and the characteristic methods
used. Counter experiments and variations were also performed to identify both critical
and non-critical steps and are described in later paragraphs and in chapter [5

A n-type degenerately-doped Si wafer was used as the substrate. The wafers were
first dipped in HF to remove native oxide. Next, the wafers were loaded into a plasma-
assisted atomic layer deposition (PEALD) equipment for deposition of a multilayer
thin film stack. All devices have a stack which starts with a layer of 7.5nm tungsten
nitride (WN) to serve as a passive conductive common layer to interface between the
Si substrate and the subsequent active layers of A1203 and WN. A well-performing
active stack further consists of three 2.0nm Al203 films separated by two 3.0nm WN
films (as in Fig. [i-1)). The wafer is then taken out of the PEALD chamber, cleaved
into chips, and sputtered with 30nm Au. At this point, all the deposited films are
still planar and unpatterned. About 6 to 15 counts of 50um square devices are then
defined on the chip by Ga-ion FIB to mill away the added materials and past the
native Si surface so that a mesa remains. The top Au film of the mesa is contacted
with a gold wire probe under a custom-built probe station. The common (COM)
connection was made by a beryllium copper spring clip contacting the substrate and
connected to ground. The sign of voltages described in this paper is defined as applied
to the top probe with reference to a grounded Si substrate. A sourcemeter was used

to perform voltage sweeps to switch the devices for study.
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Figure 4-1: The properties of using multilayer oxides are investigated using the
material stack as shown. The total thickness of the oxide was kept constant, because
single layer oxides with a thickness of either above or below 6nm tends to breakdown
permanently, and changing the total thickness of the oxides changes the LRS and
HRS by several orders of magnitudes.

4.2 Experimental observations

The first observation with the electrical measurements are that all the devices are
in the low resistance state upon fabrication with no need for electroforming. The
devices exhibit resistive switching with an abrupt RESET voltage at about 3V and a
gradual SET voltage spanning -1V to -4V (see Fig. ) Here, we will use a new
measure of switching consistency as described in chapter [2] to evaluate the merits of our
device. With the increase in emphasis in this field on demonstrating device switching
uniformity, it is now necessary in this field to show a cumulative distribution function
(CDF) of device characters. Even though there is no consensus on whether to use the
device resistance or the electrical currents for this plot and on what probing voltage
to use, the spread of this line is largely invariant on these choices and thus serves as a
useful figure of comparison for quantifying how consistently a device switches. As an
example, a 10% to 90% spread of 1.5 and 0.91 on the log scale can be extracted from
the published LRS CDF plots from Qi[31] and Tsigkourakos[61] respectively (see Fig.
4-2¢), indicating that the latter device has a generally more consistently switching
behaviour. We denote this as the log coefficient of variation Cj,, an extension to the
textbook statistical measure of the coefficient of variation C), better suited for other

variables which do not vary orders of magnitude as is commonly seen in this field.

Many published resistive switching devices consist of only one single deposition
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Figure 4-2: FIB-processing and multilayer oxide films are 2 key ingredients for our
device to demonstrate consistent switching. (a) A single Al203 oxide layer can
switch, but only erratically. (b) FIB-processing has limited effect on device switching
consistency if performed on the multilayer stack before deposition of Au as the top
metal electrode. Here, FIB-processing has poor effect because there are no Au atoms
to be implanted deeper into the device. (¢) Cumulative distribution function (CDF)
plots show the typical large variation in the performance of resistive switching devices.
The LRS and HRS resistances can span anywhere from between 0.08 to 3 orders of
magnitude. We define the span to be between the 10th and the 90th percentile of
the resistances observed. (d) With multiple A1203 oxide layers and FIB-processing
on top of a deposited Au layer, switching immediately becomes consistent. The
I-V plot shows 300 switching cycles superimposed on top of one another, taken
from 15 consecutively fabricated devices and 20 consecutive cycles per device. (e)
The consistency improvement using our stategy can be seen from the short span of
resistances observed over the 300 switching cycles, covering only 0.19 and 0.23 decades
for the LRS and HRS respectively. (f) The CDF in (e) can be broken down for the
15 devices. The cycle-to-cycle resistance span is now much smaller at less than 0.05,
indicating that most of the variation seen in (e) comes from device-to-device differences
rather than cycle-to-cycle variation.
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stack. This limits understanding because these large variability of these devices
means that published devices from different groups cannot be compared, but then a
single device stack is not useful for identifying any links between certain fabrication
parameters and the resultant switching property. We first identify all the critical steps
in achieving a consistently switching device, and then show acceptable deposition

variations.

Chip with 1-layer oxide
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Figure 4-3: I-V sweeps for 15 consecutive devices with only a 1-layer oxide. For each
device, 20 I-V sweep cycles are superimposed onto one another, with the 1st 10 cycles
shown in black and the next 10 cycles shown in red. This geometry gives a poorly
switching device with high variability from cycle-to-cycle and device-to-device.

Switching consistency is considerably improved going from one to two to three
layers (shown in Fig 7c,d,e). This deduction was obtained by analyzing 300 sweep
cycles for each one of the 1,2 and 3-layer geometries, using 15 devices investigated per
geometry (see Fig. and [4-4)). We keep the total thickness of A1203 constant so
that the expected LRS and HRS resistances stays approximately constant in these
variants. The CDF plots for the LRS and HRS resistance can be broken up across
device and cycles to identify the source of variable (see Fig. ) The breakdown
shows that with a 3-layer oxide device, the switching variance comes mainly from
device-to-device variation, since the cycle-to-cycle variation only has a small spread of

about 0.04 and 0.05 on average for the LRS and HRS states respectively. This implies
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Chip with 3-layer oxide
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Figure 4-4: 1I-V sweeps for 15 consecutive devices with a 3-layer oxide. For each device,
20 I-V sweep cycles are superimposed onto one another, with the 1st 10 cycles shown
in black and the next 10 cycles shown in red. This geometry gives a good RS device
with high switching consistency across cycles and across devices. This 3-layer oxide
configuration is our proposed geometry for achieving high consistency RS devices.

that fabrication variation accounts for most of the variation seen in the combined

CDF plots of Fig [4-2.

4.3 Interpretation of results

We propose that the mechanism for the activating effect from FIB is that Au atoms at
the surface are being implanted into the A1203 layers when the surrounding of the mesa
is being milled away (see Fig. [4-5)). The implanted Au atoms then serve as stepping
stones to bridge migrating oxygen vacancies to more easily form a filament which can
span across each Al203 layer. To verify this hypothesis, we swapped the order of
the final 2 deposition steps by FIB milling a line onto an ALD deposited repeated
WN/AI203 stack before depositing a Au contact pad over the milled line. With this
change, the device switching consistency degrades, in support of the hypothesis (see
Fig ) Since this result suggests that Au plays an important role in the switching

process, we substituted the Au top metal contact for either Pt, Pd, Cu, Al or Ti to
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Figure 4-5: (a) Schematic for experimental probing of fabricated devices. Thin film
WN and Al203 layers are deposited by plasma-enhanced ALD (PEALD) and is
followed by Au deposition. FIB milling is used to isolate a mesa to define a single
device. A gold wire is then used to contact the top gold electrode, with probe voltages
defined with respect to this top contact.

(b) TEM image showing the films deposited by PEALD. The film thicknesses are for
a different stack than show in Fig (a).

(¢) The FIB milling is thought to implant Au atoms into the Al203 layer.

(d) Our DFT simulations and experiments suggest that oxygen vacancies are migrating
to form or break filaments around Au dopant atoms. The DFT simulations suggest
that these vacancies have a great ease of migration because of its lower formation
energy at sites around Au dopant atoms. Only one filament is shown but the actual
mechanism could involve a web of interconnected filaments.
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observe the changes in switching behavior. As seen in Fig. [7.3] noble metals such
as Pt, Au, and Pd gave devices with consistent switching behaviors, whereas the
more reactive metals have erratic switching cycles. These dopant atoms are thought
to be implanted by the action of the 30kV Ga FIB ion beam. SRIM calculations
revealed that for this FIB parameter, surface Au atoms can be implanted to a depth
of 20+£10nm into A1203.

Resistive switching in many systems have been shown to be due to migrating
oxygen vacancies. In order to understand how metal dopant atoms affect switching,
we performed DFT studies to calculate the formation energy of oxygen vacancies in
the vicinity of dopant atoms. Dopant atoms were placed at the interstitial sites as
opposed to the less energetically favorable substitutional sites. In the vicinity of these
dopants, we find that oxygen vacancy formation is vastly reduced for noble metals as
opposed to the more reactive metals, spanning the range of 0.468eV for Pt to 4.383eV
for Ti. This result is sensible because oxygen atoms does not have a tendency to
form bonds with noble metal atoms and so oxygen vacancies are expected to form
more easily near noble metal atoms rather than reactive metal atoms. There is a
good general agreement with the calculated oxygen vacancy formation energy in the
presence of each particular metal dopant with respect to the switching consistency
of a device made with that material as the top metal contact. Higher order effects
will have to be invoked to explain the differences in the switching behavior between
atoms of similar reactivity such as between Pt and Au, or between Al and Ti. Such
an analysis is likely to require the analysis of possible stable oxides and hydroxides

identities for each dopant and is beyond our current abilities.

4.3.1 Multibit operation

The switching consistency of our device can be exemplified by multibit (also known as
analog) resistive switching trials too. Since this device have a gradual SET transition,
the strength of the conducting filament within a device can be variably set by using a
SET voltage of some value between -0.5 to -4V. A more negative SET voltage puts
the device in a more conductive LRS state (see Fig. ), and subsequently also has
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Figure 4-6: The use of a variety of metals, Pt, Au, Pd, Cu, Al, Ti, Ag (corresponding
to (a),(c),(e),(g),(i),(k),(m)) was studied. A 100nm thickness of this material was
deposited on the usual triply repeated WN/AI203 stack. Each metal gave rise to its
own distinct switching behavior. The cumulative distribution function for the LRS
and HRS resistances are plotted in (b),(d),(f),(h),(j),(1),(n). Pt, Au, Pd have CDF
plots with narrower widths (tabulated in Table I), indicating that devices made with
these metals tend to have consistent switching behaviors. Ag has a known behavior in
this field of being highly susceptible to electromigration, explaining its behavior to be
stuck permanently in the LRS probably by formation of a large filament.
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Dopant | Simulations Ef .. / €V
Pt 0.468
Au 0.644
Pd 1.913
Cu 3.617
Al 3.632
Ti 4.383

Table 4.1: Varying the identity of the top deposited metal film before FIB milling has
the effect of altering the dopant identity implanted into Al203. Devices implanted
with noble metals such that Pt, Au, Pd has a significantly more consistent switching
behaviour than more reactive metals such as Cu, Al, Ti. We hypothesized that the
metal dopant atoms serve as bridges for facilitating oxygen vacancy migration. We
found from DFT simulations (further described in Appendix [Bf) that the formation
energy of oxygen vacancies in Al203 is significantly lowered by the presence of noble
metal dopants such as Pt and Au. There is a fair agreement between the oxygen
vacancy formation energy and the switching consistency seen in Fig. [7.3]

a higher abrupt RESET transition. It is important to point out that this multibit
switching is demonstrated using a blind strategy, i.e, without any feedback control
to read back the resistance state and make adjustments, and also, without the use
of external electronics to enforce a SET current compliance. The lack of external
control circuitry will be useful in reducing the effective footprint of each cell for future
RRAM arrays. From a quick analysis, there are at least 7 distinguishable states for
this multibit switching (see Fig. [4-8). The definition for this bit count is not yet
standardized and is a subjective variable because the amount of tolerable error, or
equivalently, the clearance between the distribution windows of adjacent states, can
be arbitrary defined. Nonetheless, a conservative estimate for our device is that it
offers at least 2.8 bits of storage, corresponding to the 7 identifiable state. A change in
our experimental procedure should also yield a higher bit count because our multibit
switching tests was conducted using finely-stepped SET voltages, whereas the use
of just N = 8 to 10 voltage points would yield distributions with a larger clearance

between one another.

A few other deposition requirements exist in addition to the need of multiple oxide
layers for consistent resistive switching. The use of FIB in defining the device was

necessary. As a counter example, a chip deposited with the same repeating stack of
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ing multi-bit switching. In (a), multiple switching cycles were performed with some
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3.5V. Each switching cycle is color-coded according to that minimum voltage used. For
example, a voltage sweep from -4V to 3.5V is shown in blue, has the most hysteresis,
and the sharpest RESET onset at about 2.8V. On the other hand, a voltage sweep
from -1V to 3.5V is shown in green and has barely any hysteresis or switching. Subplot
(b) and (c) shows that the simple use of a chosen SET voltage is able to put the device
into a predictable state as characterized by the switchable current in (b) and the
device conductance in (c). The switchable current is defined as the difference in the
device current as set and the lowest current measured in the OFF (highest resistance)
state. The green, red and blue overlays in (b) show the nature of one I-V sweep when
the device is set by -2V, -2.8V and -3.9V respectively. No current compliance was
needed to be programmed in the sourcemeter used for these measurements.

] 2.0to -2.5to|  ‘2.6to  -2.9to -3.3to
] 2.V 2.6V | 2.8V 3.1V . -3.5\
100 - p
80 -
-6‘? 4
< 60 -
o ]
a ] .
o ]
40 -
20 -
0l _
0 2 4 6 8 10 12

Switchable current / mA

Figure 4-8: Approximately 7 states are distinguishable by choosing to use different
SET voltages. The states are distinguishable by the non-overlapping window in their
resultant switchable currents. The switchable current is the difference in the device
current in the LRS versus that in the HRS, and is an indication of the strength of the
filament formed in the device.
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Figure 4-9: (a) A 30nm thick Au contact pad of variable size was deposited with
e-beam deposition through a shadowmask onto the usual triply repeated WN/A1203
stack. A line with variable length was then milled into this Au contact pad with an
FIB machine. (b) There is a linear relation of the obtained device conductances with
the FIB milled lengths but no dependence on the contact pad area. This shows the
device character is directly determined by the FIB milling and implies that the device
area can be scaled down arbitrary.

WN and AI203 in the PEALD chamber was patterned with Au contact pads through
a shadowmask using e-beam deposition. The devices were measured under a probe
station and found to require large electroforming voltages of >10V, had wildly variable
characteristics from device to device, and often failed by being permanently stuck in
either the LRS or HRS. These devices with e-beam deposited contact pads can be
made to demonstrate consistent switching by FIB milling lines into them. Multiple
devices with e-beam deposited contact pads of various sizes and milled lines of various
lengths were created. The conductance of both of the LRS and HRS was found to
vary linearly with respect to the length of the milled line while being independent on
the device area (see Fig. . We did not have enough resources to explore devices
of sub-micron length scales, but the direct dependence on the resistive switching
behaviour and the FIB milling and null dependence with device area indicates that

this device can be scaled down significantly.

A robust resistive switching system is one which maintains its performance and
switching character under varying conditions as long as these conditions do not disrupt
the hypothesised mechanism of switching. The identification of unimportant process

parameter ought to be as critical as the identification of critical process parameter so
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that the fabrication process is not needlessly strict. The deposition method of the
top Au layer is inconsequential as consistent switching is observed regardless whether
the Au deposition is performed using e-beam deposition, DC or RF sputtering, or
even using a tabletop Au sputterer. PEALD was used for the deposition of the
repeated WN/AI203 stacks as the machine is an industrial grade tool in a strictly
controlled process environment and can be reliably expected to produce repeatable
depositions. We have recently migrated the recipe for deposition of the same stack
with reactive sputtering in a RF/DC sputterer with success. As a side note, thermal
ALD of the WN/AI203 stack did not produce a switchable device. This turns out to
be simply due to the bis(tert-butylimino)bis(dimethylamino)-tungsten precursor for
WN not adhering on preceding A1203 layers but is potentially solvable by some novel
modification of the thermal ALD recipe.

Lastly, we also have initial success with substituting the FIB milling treatment
with co-sputtering of Au with O2 reactive sputtering of Al to replicate the effects of
Au implantation. The HRS and LRS of the Au co-doped device has a higher resistance
than is typical of the usual FIB milled processed devices, but both these resistances
can be lowered by increasing the doping concentration of Au. This modification will
eliminate the need to do FIB milling processing or Au ion implantation into our device
to activate these device for resistive switching. The use of co-doping to incorporate Au
dopants into the A1203 layer will be a useful and independent parameter which can be
independently used to adjust the HRS or LRS resistance as needed. In contrast, the
magnitudes of the HRS and LRS resistances can be tuned by varying the thickness
of the oxide in switching films but this would be an undesirable method because the
switching behaviour is largely dependent on the oxide thickness. Furthermore, the
division of a thick oxide film for switching into multiple thin oxides is beneficial not
just from its contribution to switching consistency, but also the potential in pushing
LRS and HRS resistance states higher than routinely possible without the erratic

behavior that comes from the use of just one or two stacked oxide layers.
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4.4 Conclusion

We demonstrated a device with highly consistent resistive switching behavior and
shows that these properties are highly repeatable, not just across devices on the same
chip, but also across different deposition methods, some different materials and also
potentially with co-doping instead of ion implantation.

The key requirements for our resistive switching device to have a favorable switching
behavior is that Au needs to be implanted within the AI1203 layer as dopants, which
we believe to act as bridging sites which facilitates the formation of oxygen vacancies
around it. The replacement of a single thick layer of oxide into multiple thinner layers
is also essential for minimizing switching stochasticity. The fabrication strategies
reported here will directly benefit efforts in realizing RRAM circuits with higher yields
and predictable performance, etc.., and move multibit switching another step closer
for practical use. However, an equally important outcome to is provide a device
platform for researchers to continue the study of resistive switching devices. With
a robust and highly consistent resistive switching device, we are able to derive new
understandings about the switching mechanism by linking changes in the switching
behaviour to fabrication changes since any behavior changes will not simply obscured

by the variability of a typical resistive switching device.
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Chapter 5

Further investigations

As detailed in subsection [1.2.2], the pursuit of direct imaging evidence of RS filaments
is challenging. Nonetheless, we can rely on electrical measurements remain promising
as a tool to uncover deeper insights into the RS mechanism to support our hypothesis.
Developments in electrical characterization have allowed benchtop instruments to
reach measurement precisions of femtoamps. As a numerical example, 100fA is the
equivalent of the passing of 625 electrons across a point in 1ms and can be measured
by a benchtop ammeter. On the other hand, direct imaging of 625 atoms requires a
HRTEM, and certainly no less than an AFM. There is thus a strong incentive to find
out how to use electrical measurements to supplement other types of investigation
routes because these methods will be the most accessible to the community and can

be easily reproduced.

In this chapter, we show how subtle characterizations can be extracted from elec-
trical measurements now that the noise from I-V data due to switching inconsistencies
have been largely eliminated. We also pursue investigations from other approaches,
such as through simulations, to further support our hypothesis that the existence
of implanted Au dopant atoms are responsible for the highly consistency switching

behavior in our devices.
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5.1 Heating and aging measurements

The concurrent presence of two filamentary constituents in our devices, namely the
Au dopant atoms and the oxygen vacancies, can be inferred from aging results as well.
After a device was annealed at 300°C for 3 hours, the resistance of HRS increased by
about 8x (see Fig. ) This is expected from previous studies and is thought to
be due to filamentary material migrating out of the oxide layer[62]. More interesting,
the effects of a two months room-temperature aging differs depending on whether
the device was left to age after conducting I-V measurements on it, or before any
measurement (i.e, untouched since the FIB-processing). When the device was aged
between [-V measurements, the aged device shows the same character of a gradual
SET and abrupt RESET albeit with both HRS and LRS becoming more resistive
as expected (see Fig. [p-1p). However, if the device was aged after FIB-processing
without first an initial I-V measurement, the aged device then shows abrupt SET and

RESET transitions uncharacteristic of our typical device (see Fig. [p-Ik).

This can be understood in the context of the DFT studies described above where
the Au dopant atoms can act as reservoirs for oxygen vacancies. When the device
are switched before letting to age, the Au dopants atoms are stabilized and pinned
in place by the surrounding oxygen vacancies, and so will retain a similar switching
character with time. On the other hand, a device left to age straight after the FIB-
processing will see the implanted Au atoms phase segregating out of the oxide and the
subsequent switching character loses the identifiable gradual SET character distinct

in our Au-implanted device.

There are a few implications from these heating and aging measurements. First,
these results provides good support for our hypothesis that there are two filamentary
materials present in our system, and that migration of oxygen vacancies bridged by
Au dopant atoms are the primary filamentary formation mechanism in our device.
Secondly, these results point out the limits of our devices with operating in high
temperature environment or over prolonged periods by revealing shortcomings of

FIB-processed devices under those conditions. A device intended for manufacturing
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Figure 5-1: (a) Devices annealed at 300°C for 3h become more resistive both in the
HRS and LRS. These devices were FIB-processed by milling a line of variable length to
activate the devices for switching. (b) A device was characterised after FIB-processing
and also after room temperature aging. The resistances of both HRS and LRS as
expected, but the gradual SET character at V<0 is retained. (¢) When a device is
aged without first conducting I-V sweeps on it, it ages differently and now loses its
gradual SET character. The differences in aging in (b) and (c) show that multiple
filamentary constituents are likely to be present.

must thus address these issues of high temperature and long term stability. The
proximity of Au atoms near FIB-milled exposed surfaces of the device is probably the
cause of long term instability as dopant Au atoms have fast surface diffusions and
have a high likelihood of phase segregating out of the A1203. This can be addressed
in the future for example by new methods of doping immobile Au islands into the
Al1203. This is further described in the chapter on future directions in section [7.3]

but we already see positive results from preliminary trials.

5.2 Bipolar nature of triple-layer oxide devices

RS devices can be generally classified into either the unipolar or bipolar class. There
is currently no definitive understanding of how either class of switching would arise in
a fabricated device, but the empirical experience is that RS devices with asymmetric
materials for the top and bottom electrodes tend to exhibit bipolar behavior, whereas
RS devices with similar materials for the top and bottom electrodes tend to exhibit

unipolar behavior[99].

For a single layer oxide RS device, a dissimilar top and bottom electrode could
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Figure 5-2: Energy diagram of a single-layer oxide RS stack with (a) similar top and
bottom electrodes, and (b) dissimilar top and bottom electrodes, both shown at zero
applied voltage. In subplot (a), there is no built-in electric field in the oxide and the
RS device created with such a stack is predicted to be unipolar. In subplot (b), there
is a built-in electric field shown by the tilted band edges in the oxide and the behavior
of the device is predicted to be bipolar.

lead to a bipolar device because of dissimilar work functions in the two electrodes such
that there is some built-in electric field at zero applied voltage. This is shown in Fig.
performed using the Band Diagram Program v3.1.6[100, I0T]. The WN normally
used in our device was replaced with TiN in the simulation due to a limitation of
simulation choices. The workfunction used for TiN is 4.4eV and the workfunction

used for Au is 4.9eV.

Our typical devices consist of an Au top electrode, a WN bottom electrode, and
WN conductive spacers. This satisfies the criteria to obtain a bipolar device even
though the conductive spacers are of the same material as the bottom electrode. This
is because a built-in electric field will exist at all three Al;O3 layers even though only
one of the oxide layer is in direct contact with asymmetric metals (see Fig. . The
difference in the work function between the top-most electrode and the bottom-most
electrode will be distributed across all the oxide layers in the stack and manifest as

the built-in electric field.

The intervening WN metallic layers have no built-in electric field because sheet
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Figure 5-3: In (a), no built-in electric field is observed if the top and bottom electrode
material is the same. In (b), a built-in electric field will exists across all the 3 oxide
layers as long as the workfunction of the top and bottom electrode is different. If one
of the intervening conductive layer was replaced by another metal with a workfunction
of 2.0eV higher than than of TiN, the only effect to the entire band diagram is the
shifting of the metal potential downwards by 2.0V (shown in purple dashed line) with
other parts of the band profile left unchanged.

charges will appear at both its top and bottom faces to shield its center from having
an electric field. This is expected behavior for a metal.

Thus, each one of the 3 oxide layers are expected to switch in a bipolar fashion as
a result of the different top and bottom electrode, regardless of the materials of the

intervening conductive spacers.

5.3 Transient as-fabrication features

Multilayer-oxide RS devices processed with FIB do not require electroforming at a
large voltage. As supported by DFT simulations and experiments, the presence of
noble metal atoms lowers the formation energy of oxygen vacancy (see. Table and
this is expected to lower the electroforming voltage to potentially within the normal
switching voltage range. Furthermore, the 30 keV high energy ion implantation used

could be seeding the oxide layer with oxygen vacancies from beam-induced damage,
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so further production of more oxygen vacancies with electroforming is not necessary.

However, the lack of need of electroforming does not mean that an as-fabricated
device exhibits the steady state highly-consistent switching straight away. The first
cycle of our RS device shows a transient behavior before the steady state cycles can

be obtained.

Newly fabricated devices are always first characterized on the electrical probe
station with a basic set of tests (as listed in appendix . The test set first applies
a low range of voltage to the devices to extract the as-fabricated device resistance
before exposing the device to two rounds of incrementally increasingly voltages. The
first round of this test shows a transient behavior (see fig. [5-4) before setting into the
steady state behavior (see fig. |>-4b) that is displayed in the 2nd and also subsequent

rounds of [-V sweeps.

FIB-processing removes electroforming that is otherwise required at large voltage
of >8V and reveals a transient behavior which can offer more insight into the device
operation. The transient I-V curves shows that the as-fabricated device stays in a
higher resistance state up to a large voltage before gradually settling into the steady-
state LRS limit as the maximum voltage applied to the device increases from 2.5V to
3.5V. It is only after this initial round of voltage application that the RESET behavior
achieves its characteristic abrupt transition. This transient behaviors are consistently

observed in all the devices characterized.

This repeatable transient behavior would be useful in future models for fitting the
distribution of metal dopant atoms in as-fabricated FIB-processed device. This could
provide insights into the implantation depth, concentration or potential clustering of
implanted Au atoms. This is left as future work because coarse estimates for such
a distribution will first need to be obtained through ion implantation simulations or
through challenging measurements of the Au concentration such as by HRTEM or
APT. Qualitatively, this transient behavior provide evidence that atoms are being
implanted sideways into the device and that the initial I-V cycles serve to sweep stray
materials, either excess Au dopants or defects created by implantations, away from the

oxide bulk. This then allows remaining materials to take part in filamentary formation
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Figure 5-4: The first round of incremental voltage application on a freshly fabricated
device (a) shows transient effects where the device current is higher than when during
the second (b) and subsequent rounds of I-V sweeps. The applied voltage values in
(a) and (b) corresponds to standard test 4 and 5 in Appendix [C]

and dissipation with good characteristics without interference from unwanted stray

materials.

5.4 SRIM ion-implantation simulation

A well-known simulation program, SRIM, was used to estimate the depth of implan-
tation of various atoms into the device during the FIB milling step. SRIM stands
for "Stopping and Range of Tons in Matter" and has been periodically updated since
1983, with the last update in 2013. This is a Monte Carlo simulation which allows
the distribution of implantation atoms in a multilayer planar device to be calculated
when given implantation atoms of a specific element and a specific energy.

SRIM simulations are limited to implantation on planar devices (see Fig. |5-5a),
but we can use it to first determine the implantation depth of the key elements present
(Ga and Au) into the different materials in our device (Au, Al1203 and WN) as shown
in Fig[5-5b. The result are shown for Ga and Au ion beams of 30keV since FIB milling
on our devices was done using a Ga-ion source at a 30kV acceleration. These ions can

penetrate between 5 to 40nm deep into each isolated material. By comparison, the
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Figure 5-5: (a) Screenshot from a typical Monte-Carlo SRIM simulation showing
implantation of 30kV Au dopants from the left edge into a multilayer device stack.
The traces shows displacement of the original device atoms and also stopped Au
ions. (b) Profile showing the implantation depths of various ions into a variety of
bulk materials. In these simulations, only a single material was specified unlike the
multilayer geometry shown in (a) so as to first understand penetration depths in the
various materials present in our device.

combined triple-layer oxide (3x Al203 and 2xWN layers) stack only 11nm thick.

SRIM was also used to provide guidance on substitution ion sources. A 30kV
Ga ion source was used in our devices to implant Au atoms from the surface of the
device deeper into the oxide stack. Instead of Ga, other heavy mass ions such as
Ar were also suitable for this implantation. On the other hand, He ion sources were
confirmed not to be suitable for activating RS devices because the light mass He ions
have low momentum and are not able to implant Au deeper into the device. A He ion
beam was also experimentally tested at 15kV or 30kV and at dosages of 85pC up to
6.6 C for milling into device before later deposition of a Au layer. The He ion did
not produce any noticeable change to the device, which is to say that these devices
required electroforming and did not switch well after He ion implantation. This either
implies that He ion are ineffective at ion implantation, or that the presence of a Au
layer for the implantation is required.

The accuracy of the SRIM simulation can be checked by comparing the calculated
dosage required to mill away the deposited layers to reach the Si substrate. Experi-

mentally, the dosage used was determined by testing various dosages and using SEM
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imaging to find a large enough dosage to expose the underlying Si substrate. The
SRIM simulation can calculate the sputter yields but is not able to automatically
update the device geometry to account for sputtering material losses after each step,
so secondary calculations have to be made manually to derive this suitable dosage.
The simulations yield a sputter dosage requirement of 0.529pC/um? for each unit nm
of Au, 2.07pC/um? for A1203 and 1.02pC/um? for WN. This sums to an simulated
dosage of 50pC/um? to mill away the deposited layers and is close to the dosage found
experimentally of about 50 to 100 pC/um?.

However, the implantation distribution of Au cannot trivially be determined using
SRIM because the geometry of the device is not updated as milling proceeds. The
complication for our device is that Au atoms is not just sputtered downwards from the
top electrode into the oxide layers, but can be sputtered out from the outer perimeter
of the milled trench and implanted sidewalls into the inner perimeter along the actual
device mesa. The sideways implantation can be experimentally verified by setting
the ion beam to mill with a zig-zag fashion either outwards or inwards towards the
device mesa. Changing the direction to mill outwards causes more materials to be
ejected from the outer edge being milled and implanted into the inner stationary
edge. Measurements of the as-fabricated resistance of this device shows that it has
a higher initial conductivity as compared to a device milled with a zig-zag fashion
going inwards (see Fig. . The higher conductivity is expected from the additional

concentration of implanted atom under this milling direction.

Nonetheless, the post-milling distribution of Au can be crudely estimated by
combining the sputter yield of Au from the 30kV Ga ion beam and the 2D distribution
of implantation of Au atoms at different various energies and incident angles into
single materials. The lateral FWHM of downwards implantations is about Inm to 4nm
from the edge of the device perimeter, with approximately 0.2 Au atoms to be found
for each original atom in AI203. The lateral FWHM from sideways implantation
will follow a distribution similar to Fig. and will be implanted deeper of more
than 1pym deep but with a lower implanted concentration. However, even if SRIM

can modified to provide an accurate as-fabrication distribution of Au, this would still
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1 | 30kV parallel

2 | 30kVinwards
3 | 30kV outwards
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Figure 5-6: Effects from FIB milling direction on device properties. The SEM image
shows a trench milled to create a mesa to define the actual device footprint. The
top-left corner belongs to the device mesa. Comparing milling sequence 1,2,3, an
outwards milling strategy creates a device with a lower resistance (higher current).
This can be attributed to a larger amount of materials implanted sideways into the
device sidewalls. Comparison of milling sequences (4,5) and sequences (1,2,3) shows
that a higher FIB milling voltage gives strong filaments, implying that more materials
are implanted successful at a higher voltage. Sequence 6 attempts to use a lower
voltage milling to clean up the device sidewall with a gentle 5kV inwards milling after
heavy implantation with a 30kV acceleration. Comparing sequence 6 and sequences
(4,7) shows that filament are embedded more than 1pm deep.
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be insufficient to relate models to experiments because an initial voltage sweep will
remove an undetermined amount of implanted materials from the device (as in Fig
b-4). An accurate determination of the steady state distribution of Au dopants will
require both an extension to the SRIM program and an a-priori model to handle
electromigration. Unfortunately, it is still an ongoing effort in this community to
develop a robust model for simulating electromigration effects which can hold across

different material systems and devices.

5.5 Network-level simulation of filaments

Although many questions still remain in this field with regards to the mechanism
of switching, we can treat the migration problem of each filament as a black box
and see if we can derive higher-order models for explaining the benefits of multilayer
oxides versus that of single layer oxides. In the case that we have a physical web of
interconnected filaments in each oxide layer, we can still approximate the web as a

layer of filament sites in parallel.

The hypothesis with multilayer oxides is that only one of the oxide layer will have
filaments which switches while other oxide layers remain passive[63]. We find from
simulations that this arrangement leads to an I-V behavior with a gradual SET and

an abrupt RESET which is characteristic of our device.

The model simulates a two oxide layer device. One of the oxide layer is kept as
a passive layer and defined with a number of filament sites, IV, all fixed to be in a
low resistance state (LRS). The other oxide layer is defined as the active layer and
defined with another number of filament sites, N,, which can either be in a low or
high resistance state (HRS). We shall later verify the correctness of simplifying the
model to keep all filaments sites in the passive layer to be fixed in the LRS.

In the model, each filament site hosts a potential filament which can either be in

the LRS or HRS (see Fig. . The I-V responses of a single filament in the LRS and
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Figure 5-7: Schematic for network-level simulation of a multi-layer oxide structure.
(a) A 2-layer oxide device was simulated. Each oxide layer was simulated to host
N number of filament sites, where each filament site can either host 1 or 0 filament
corresponding to either the LRS or HRS. This network of filaments and their respective
resistances can be converted into a network of resistors.

(b) Each filament site can be switched between the LRS or HRS based on whether
the voltage across that filament site is above or below some preset threshold. The
simulation randomizes each filament site n € {1,2,3,..., N} to have a fixed threshold
V, € {V1, V5, V3, ..., Vy} drawn from a random distribution.

(c) The top layer is assumed to have all filament sites fixed in the LRS. When the
bottom layer starts to RESET, the total resistance of the bottom layer increases. This
causes the voltage across the bottom layer to increase and creates a cascade of RESET
actions. This creates an abrupt RESET transition.

(d) When the bottom layer starts to SET, the combined resistance of the bottom layer
decreases and the voltage across the bottom layer drops. The applied voltage must be
strengthened to compensate for this voltage drop before more filament sites can be
SET. This creates a gradual SET transition.
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HRS were fitted empirically to experimental data to be of the form,
s = AV + Ay &3V

Iips = Ay, 5V

, where the non-linear dependence on voltage, MV is taken from a Poole-Frenkel
hopping conduction model (eq. with & = 3.8 is obtained empirically for our
devices (see Fig. |5-8a). The non-linear voltage term in Iy rs was needed to fit the
deviation away from a perfect ohmic behavior at higher voltages of >2V. On a side
note, this suggests hopping conduction is present even when a device is in the LRS,
potentially from stray filamentary materials or defect sites that exists in addition
to the formed filament. A typical fit on I-V data yields Ajrs, = 2.2¢ x 1072 and
Argrsn = 2¢x 1077, where c is a scaling factor that is determined by the cross-sectional
area of each filament and the total number of filament in the actual device. For

simulation, ¢ was taken to be 0.005.

Each one of N, active filament site was randomly assigned a transition voltage
Vi, Va, ..., Vy, from a random normal distribution centered at V' = 3.5V and a standard
deviation of 0.8V. This transition voltage V,, remains constant through the simulation
and is used to determine whether the filament will SET or RESET. When the voltage
across filament site n exceed V,,, the filament will RESET. When the voltage across
filament site n is smaller than —V,,, the filament will SET. The simulation starts with
all filament sites in the LRS and incrementally varies the applied voltage across the
device from zero to a negative voltage, then to a positive voltage and back to zero.
At any step of the simulation, the voltage across each filament site can be evaluated
by treating all the filament sites as a network of resistors and checking whether the

filament sites would SET or RESET.

This bare model is sufficient to show that a device with 2 or more oxide layer can
have an abrupt RESET and a gradual SET (see Fig. ,c) despite each filament
site having a threshold voltage with a large spread (recall that V,, ~ Gaussian(u =
3.5V,0 = 0.8V)). A closer analysis of the distribution of voltage across each filament
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Figure 5-8: (a) Shows the form of the LRS and HRS (dashed lines) used in the
simulation as fitted to experimental I-V plots (blue lines). The LRS fits well to
an Ohmic behavior while the HRS fits well to a Poole-Frenkel hopping conduction
mechanism. (b) and (¢) shows the linear and log plots of the voltage sweeps from
the simulation. The simulation shows a gradual SET and a relatively abrupt RESET
similar to what is observed experimentally.

shows that when a single filament RESETSs, the overall resistance in that active layer
increases, causing the voltage experienced by other filaments in the same layer to
increase by the voltage divider rule, thus triggering a sharp cascade of RESETs. On
the other hand, SET is smeared out to take place over a wide voltage because a
filament site which has SET would have a lower resistance. This causes the voltage
across the active layer to be lowered, and subsequently the applied voltage have to be
increased first to compensate for this drop, before increasing further to trip the next
filament site with the next smallest transition voltage to SET.

We can also now check our initial assumption that the passive layer does not
switch. Referring to Fig. for RESET, we see that the already-formed filaments
in the passive layer will see decreasing positive voltages when filaments in active layer
breaks. This means that with each additional filament which is broken in the active
layer, the filament in the passive layer is further protected from RESET, and thus the
filaments in the passive layer stay unbroken. In the SET phase (in Fig. [5-8)), there
will be increasingly negative voltages across the passive layer with each filament in

the active layer which forms, but there are no changes in the passive layer since all
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the filament sites in that layer already house formed filaments. These checks validate
our initial assumption that the passive layer can be assumed to be passive.

If desired, heating effects, separate transition voltages for SET or RESET, or
other secondary effects can be introduced to better fit the results from this model
to experimental data, but at the expense of losing prediction power from overfitting
when additional parameters are available to be tweaked. Our model is already capable
of fitting the general I-V behavior using few variables.

This chain effect at RESET and moderating effect at SET shows how a change from
a single to multilayer device can reduce the dependence of the device’s behavior on
variable fabrication conditions and instead depend on the controllable device stack-up

to give predictable resistive switching cycles.
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Chapter 6

Pulsed measurements

We had shown novel strategies (chapter [4)) in fabricating resistive switching (RS)
chips to guarantee near-perfect device yields and consistent switching cycles that
holds from cycle-to-cycle and device-to-device. In this chapter, we first show that
FIB implantation has no detrimental effect to pulsed mode operation, and further
show how pulsed mode measurements can be used to clearly identify RS devices
with high operating consistencies. We also find that the endurance of a device under
pulsed mode depends strongly on the pulsing parameters, implying that the future
control circuitry for ReRAM arrays will have an important role both in optimizing
the switching success and extending the life expectancy of individual ReRAM devices.
In addition, we explain how new insights with regards to the mechanism of RS devices
can be derived with closer analysis on pulsed mode behavior. The results showed here
will help both in fundamental modeling of RS devices and in future optimal operation

of ReRAM devices.

6.1 Introduction

The maximum operating frequency is an important specification for any digital
integrated chip since it specifies the fastest speed the chip is rated to operate beyond
which there is risk of malformed bits or data loss[64]. The operating speed is a merit

which extends beyond digital ICs and into analog ICs such as op-amps[65], where
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operating beyond some rated frequency will lead to signal distortion and less-than-
unity gains. Resistive switching (RS) devices will thus have to be evaluated for its
switching speed just like any other electronic chips destined for use in any applications.
Specifically, we have to verify that the novel ion implantation techniques which we use
for our devices are providing the high switching consistency and device yields not at
the expense of switching speed. This will require a switching speed somewhere in the
range of 10ns to 1us as reported by other devices in literature[66] 67, 68, 69, [70) [71].

The spread of RS devices reported in literature varies significantly for each of its
performance metric. For the switching consistency metric, as mentioned previously
in chapter [2, there is no single adopted methodology to quantify the consistency of
a RS device. The metric for resistive switching devices in the realm of pulsed mode
operation is even much less properly defined because several experimental challenges
has slowed down the development of a common experimental approach[72, [68]. The
first experimental limitation comes from the devide side. Pulsed mode measurements
are only worth performing on devices which already demonstrates a good amount
of consistency in basic -V measurements, or else introducing another experimental
variable (the pulse properties) will just add more stochasticity to the data and hinder
interpretation. Secondly, additional hardware is required for generating well-defined
sub-1us pulses, while special attention to impedance matching and high speed signal
propagation would be required for even shorter sub-10ns pulse. Even when these
two factors are present, there remains a lack of an agreed procedure on how to use
pulsed mode measurements to evaluate the RS device to gain deep insights and for
easy comparison to other reported devices. We will address this issue by proposing a
method to extend existing pulsed measurement schemes and by showing how it can

be used to derive more insights into the behavior of an RS device.

6.2 Experimental method

A Tektronix AFG3052C arbitrary function generator was used as the pulse generator.

This function generator is limited by a rise and fall time of 7ns each and a shortest
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pulse width of 12ns. A computer controller randomly chooses the voltage amplitude
and pulse width for each pulse sent by the function generator to the RS device under
test (see Fig. [6-1h). The magnitude of the voltage is chosen randomly from a uniform
distribution whereas the pulse width is chosen from a uniform distribution on its
logarithmic value. Both parameters are bounded to some predetermined range chosen
to avoid unnecessarily large values that may shorten the life of the device. This scheme
is similar to other set-ups used in literature[73, [66], 67, [74, [75] with a popular choice
for the pulse generator being the Agilent 81110A with a faster 2ns transition time

and a shortest pulse width of 3ns.

The function generator has a floating output with an output impedance of 5012.
This impedance oughts to be matched in the transmission cable and the RS device
to avoid signal reflection. Impedance-controlled coaxial cables were used for pulse
transmission between all devices. Ideally, the source impedance of the pulse generator
should match the device impedance as well, but this was too tedious to implement
because the function generator has a fixed output impedance of 50¢2 and the device
impedance will vary as it switches between resistive states. This means that any
impedance matching circuit created would have to be an dynamic one to match the 50€2
transmission line to the approximately 1k{) to 50k(2 ever-changing device impedance
if perfect impedance matching is desired. For simplicity, such a matching circuit was
omitted and this was later identified not to be a limited factor for our particular case
anyway. The shortest pulses of about 50ns which can be transmitted by this limited
arrangement without significant signal distortions to the RS device is faster than the
switching speed of our RS device and is thus not a limiting factor in characterizing the
performance speed of our devices. The integrity of the pulse transmission was verified
by connecting an oscilloscope (Agilent MSO-X 2024A, 200MHz, 2GSa/s) at a 1MS2
input impedance across the RS chip to view the waveform of the pulse as observed by

the RS device.

A Keithley 2450 sourcemeter was used to determine the resistive state of the RS
device after each pulse to check if the previous pulse was successful in either SET a

RESET transition. If a SET transition has occurred, subsequent pulses will be of a
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Figure 6-1: (a) Schematic for pulsed mode measurement on a resistive switching device.
The illustrated device is a typical configuration for a highly consistent switching device
fabricated with multilayer thin films and with focused ion beam (FIB) activation. An
arbitrary function device generates >12ns pulses of either polarity and with variable
amplitude. A sourcemeter determines the resistive state of the device between pulses
and an oscilloscope is used to verify the integrity of the short pulse. (b) Pulses of
random width and amplitude were sent to the device to attempt SET and RESET.
A successful transition is verified with the sourcemeter to be when the measured
electrical current at a test voltage of 0.5V crosses two predefined threshold current
(shown by the two dotted lines). When the measured electrical current falls between
the two threshold current, pulses of random polarity is sent to get the device out of
this ambiguous resistance state.
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positive polarity in order to attempt a RESET transition, and vice versa (see Fig.
6-1b). The resistive state was determined by measuring the device current at some
small test voltage of 500mV and setting 2 thresholds for identifying the state to be the
LRS or HRS. If the device current falls in between these 2 thresholds, the resistive
state of the device is taken to be ambiguous and pulses of random polarity will thus
be sent out to force the device into a more well-defined resistive state. These two
thresholds vary with the stack configuration of the device-under-test, but a typical
value pair would be 0.1mA and 0.2mA, good to tag almost all states as HRS or LRS
given the large on-off ratio for our devices of between 10 to 100. When the sourcemeter
is sampling the RS device, the function generator is electronically disconnected so
that the measured current comes from the applied voltage across the RS device rather
than from the 50€2 output impedance element of the function generator.

We tested two classes of devices under pulsed mode operation, the first being the
typical FIB-processed triple oxide layer stack and the second where the Au atoms are

co-sputtered during a reactive sputtering process.

6.3 Results

6.3.1 Pulsed operation behavior

The SET and RESET attempts were binned by pulse width and amplitude and the
ratio of these attempts causing a success transition is plotted in Fig. for each of
two types of devices tested. The results immediately show that the switching speed is
limited to 0.5us, comparable to other RS devices reported in literature but limited in
our case due to the larger device area not optimized for speed [69, [70] [7T]. This is due
to a large RC charging time constant corresponding to our 50um x 50um device, so a
longer pulse is required for a switching. The need to reduce the device footprint in
order to achieve faster switching has been described elsewhere[71].

Most pulsed mode measurements in literature have been performed by varying

only either the pulse amplitude or the width separately. However, there are two
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Figure 6-2: The pulsed mode behavior of two varieties of devices was measured. The
first type of device is a FIB-activated RS device shown by (a), with pulsed characters
shown in (c) and (d). This device was previously found to have highly consistent -V
switching cycles with an abrupt RESET for V>0. Plots (c),(d),(e) show the success
in which a random pulse of the indicated voltage and pulse width caused a successful
transition. The consistency of the device in (a) is evident in the V>0 region of (c)
where there exists a time-voltage boundary beyond which random positive pulse will
essentially guarantee a RESET. (d) tabulates switching attempts 1 to 25000 while (d)
tabulates switching attempts 55001 to 80000. This shows that cycling a device causes
the device to age from an increase in the voltage required for switching. Dotted lines
are shown at +2.5V and 0.5us as visual guides. The second type of device is where
Au is co-sputtered along with reactive sputtered Al203 as shown in (b), with pulsed
mode results shown in (e). The inferior switching consistency of this device shows up
as an upper limit to the RESET success rate shown in the V>0 region.
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benefits to presenting pulsed mode results as shown in Fig. [6-2] The first advantage
is that key experimental procedure and range of experimental values (pulse width
and amplitude) is immediately explained by the range of the plot while the plot
values themselves demonstrate the characteristic of the device. This is very useful
for the field of resistive switching devices where there is a wide variety of material
systems and potentially different switching mechanisms, so distillation of results
into condensed figures is essential for easy comparison to be made between different
reported devices. Such a plot will help reduce the verbosity of experimental procedures
in the future that accompanies pulsed mode measurement data, because the plot itself
already implies that a range (rather than a single) of pulse width and amplitudes were
tested and verification of a successful transition was performed after pulse. This will
help standardise customized pulsed mode testing results currently undertaken by RS

researchers.

The more significant advantage is that by tabulating pulse mode measurement
attempts in Fig. we can extract further insights or better quantify the switching
character of a RS device which can help shed light in the future when deriving a full
mechanistic understanding of the switching process. We will describe these in the

next few paragaphs.

The FIB-activated RS device has earlier been shown to have a high consistently
switching behavior, whereas the Au co-sputtered RS device is a promising device
which helps to prove our mechanistic understanding of the former device but not
yet optimized to have as good a switching consistency as the FIB-activated device.
The V' > 0 right side of Fig. shows that the RESET attempts are divided
distinctly into two different regions. RESET attempts of a sufficient large pulse
width and pulse amplitude have an almost certain probability of causing a successful
transition. This boundary is about Hus at 3.2V, but is shorter at 1us at a higher
voltage of 4V. Such a relation has previously been identified although presented less
visually[68, [72]. The trade-off relation between the pulse width and amplitude will
guide future investigations into the switching mechanism. For example, not having

a vertical boundary with a voltage threshold separating successful and unsuccessful
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transitions provide support for time-dependent switching mechanisms such as heat
induced filament breakage and undermines less time-dependent switching mechanisms

such as voltage-only induced electromigration.

A comparison between the RESET probability distribution for the FIB-activated
RS device and the Au co-sputtered device shows that differences in these two devices
can be quantified by the character of their RESET success rates (compare Fig. and
MC) For the Au co-sputtered device seen in Fig. &e, the application of a large
voltage of more than +5.5V and pulse width more than 100us does not guarantee a
successful RESET and has a stochastic behavior just like the SET behaviors in the V<0
regions of Fig. [6-Zh, b, c. Stochastic behavior for RS devices are commonly presented
in literature through cumulative distribution functions (CDFs) of the transition voltage
or the resistance states. The switching success probability plots shown here go a step
further in illustrating consistency by presenting experimental results across multiple
dimensions, with differences easily visible for highly consistent switching as we have
shown in Fig[6-2c vs [6-2k.

The FIB-processed RS device has an I-V curve (shown in previous chapters) which
already hints at differences in SET and RESET where SET has a gentle transition
and RESET has an abrupt transition. The pulsed success probability plot more
clearly shows the differences between these two transitions. SET transitions are more
stochastic, has a lower chance of success, and no sharp boundary beyond which a
successful SET transition is guaranteed. This is evident in the V<0 region of Fig.
where each 2D bin on the plot has only a 30% chance of a successful transition
for sufficiently negative voltages and sufficient long pulses, and that this probability
does not approach unity even with more negative voltages or longer pulses. This is
again an significant observation that will guide mechanistic studies. This distribution
of probabilities suggest that the SET mechanism is governed not by long-term time
dependence such as heating effects, because even an increase in the pulse width by
10x from 1us to 10us does not lead to a similar increase in the probability of switching
success, but has this probability capped at about 30% per pulse. This implies that

the SET mechanism might have a stronger dependence on on time derivative values
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rather than on time directly. For example, this result would support theories where
ions being accelerated by an electric field have a hopping success rate across the
lattice which varies with the magnitude of acceleration. This can be verified in future
experiments by tabulating the SET success probabilities with respect to the pulse
slew rate (a.k.a transition time) rather than the pulse width and with an expectation
that success rates will increased with faster slew rates. This might also be explained
by migration mechanisms which depend on diffusion rather than drift for filament
formation. In additional to fundamental understanding, this result will also guide the
design for controller circuit of RRAM arrays. For example, if pulse width is indeed
inconsequential for a SET transition, then the optimal strategy for SET will be to
send a train of short but sharp pulses to a RRAM device to achieve the highest success

rate of SET in the shortest possible time.

The granularity of information in the switching success probability plots also makes
the plot useful for tracking degradation or aging effects in the RS device. Fig. [6-2h
tabulates the switching success from the first 40000 pulsed switching attempts on a
device while Fig. [6-2b shows the next 40000 pulsed attempts. The degradation of
the device manifests as a uniform decrease in the SET success rates and a voltage
up-shift in the threshold for successful RESET transitions. The decrease in the SET
success rate imply that the ease of filament formation or vacancy migration in a lattice
becomes more difficult with cumulative switches though the exact mechanism is still
open for debate. The changes to the RESET characterization is more interesting for
analysis. It is intuitive to expect that a heavily-cycled RS device undergoes some form
of annealing which causes subsequent switching to become more difficult. However, the
fact that this increase in difficulty shows up as an increase in the voltage requirements
rather than in the pulse width requirements provide further hints at the changes due
to heavy cycling. This implies that the RESET mechanism for our RS device has
a fairly constant transient time of approximately 0.5us before reaching some steady
state, such as the steady state temperature profile around a filament heated by Joule
dissipation. This will be useful for empirically extracting time constants to be used in

models for filament migration.
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6.3.2 Device endurance

The pulsed mode switching experiments naturally leads to an evaluation about the
endurance of our RS devices. The magnitude of both the SET and RESET pulse
amplitude are nominally restricted to the range of 1 to 4V at the beginning. The
cumulative switching success count and switching success rate were tracked and are
plotted in Fig. |6-3] For a given specific range of pulse parameters, the switching
success of the device decreases with cumulative switching attempts such that each
device will have a limited endurance where the cumulative success count will plateau
at some value. At first look, this is convenient because the endurance of a device can
perhaps be quantified by this plateau value. However, we identify several shortcomings
in the use of this metric. Firstly, the endurance of a device depends on the range of
pulse amplitudes it has been subjected to. The use of higher voltage pulses has a
higher tendency of decreasing the lifespan of a device and leads to a lower plateau
height. This means that the plateau height will not be valid for comparing one device
against another reported device because this height is strongly dependent on the
experimental procedure. In other words, the endurance of a device can be inflated by
repeated applications of the lowest voltage pulse able to cause switching. Such pulses
will give a low switching success rate (as can be obtained from a plot like Fig. [6-2])
but give a higher cumulative switching success count. The dependence of the device
endurance on the switching parameters has already been reported previously under a

more restricted set of experimental procedures.

Another issue limits the simple quantification of the endurance of a RS device. We
find that there exists conditioning processes which can extend the life of a seemingly
dead device. This is demonstrated by the several smaller increases beyond the initial
plateau in switching success in Fig. [6-3. These additional rounds of switching came
about after the random pulsed experiments was put on hold and a set of I-V curves
were collected from the device under test. The I-V curve consisted of 60 rounds of I-V
sweeps of increasing voltage ranges, but kept within to -4 to 4V, taking place over

a 19 minute period. Since the voltage amplitudes seen in this I-V measurement set
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Figure 6-3: Subjecting RS devices to a continuous sequence of random pulses leads
to a decline in switching rate over time and the number of successful transitions
eventually reaches a plateau as shown in the top plot. The bottom plot shows the
instantaneous switching success, averaged over a symmetric window of 250 switching
attempts. The exposure of a device to larger voltage ranges (blue line) tends to give
a lower device lifespan. Reconditioning cycles, indicated by the two circled R, can
increase the lifespan of a seemingly dead device. Also, the switching success is not
completely randomly but appears to be dependent on some hidden state of the RS
device. This is shown in the inset as bouts of easy switching separated by periods
where switching was practically not observable. RESET transitions follow a similar
behaviour since each SET will be followed by a RESET.
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is no higher than the pulse amplitude applied during the random pulsed test, it is
likely that saturating the device over a prolonged period can help in reconditioning
the device and in extracting more switching cycles before permanent deactivation of
switching sets in. The existence of reconditioning protocols is good news for future
use of RS devices in actual applications but with a downside of further complicating
the standardization of procedures to evaluate the endurance of a device. Without an
agreed set of procedures to evaluate device endurance, it will not be very meaningful
to compare a quoted value from one device to another reported device since such a
value can vary about an order of magnitude simply by small variations in experimental
procedures.

A closer look at the successful cumulative switches yields another insight that
will be useful for elucidating the switching mechanism. The inset of Fig. shows
the success of each switching is not independent but is rather a state variable which
is correlated with recent history of successful switches. This is supported by the
observation that increases in the cumulative switching success comes in bouts of
intense activity rather than as a smoothly increasing function with time. This trend
shows that switching success is not just dependent on the applied pulse voltage and
width, but further as a state function of the device, likely to be a function of the

physical lattice configuration of the switchable layer.

6.4 Further discussion

Beyond the identification of insights into RS behaviors and observations which will
guide future attempts at a more complete mechanistic description of these processes,
there are some further implications from our results. We have showed that pulsed mode
measurement is great for a deeper characterization of RS devices because switching
depends on pulse parameters and that this dependence is both a good indication
for the switching performance of the devices and is rich with information useful for
corroborating with proposed mechanisms or to be used in numerical models. However,
there remains an issue in quantifying the endurance of a device because the limit of

successful switching cycles of a device depends heavily on the experimental procedures
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used. Since this limit will depend on whether re-conditioning procedures are used and
on the intensity of the pulses used, there will need to be some agreed procedure to
quantify this endurance. In the absence of a common accepted procedure, the next
best option is for published reports to include details of the endurance test beyond
the simple citation of a numerical figure. At the least, this will need to include the
pulse width and amplitude used, and if re-conditioning of the device was done. On the
other hand, a standardized procedure might for example be defined to use adaptive
pulse applications determined to give some fixed rate of switching success over time.
The applied pulse amplitude will then drift upwards as the RS device becomes worn,
and the cumulative number of switching success when this pulse amplitude exceeds
some large pre-defined voltage can then be taken as the endurance of the device.
This test protocol is flexible in accommodating the large variance in the transition
voltages reported in RS devices since this procedure does not require a common pulse
voltage to be used for comparisons, and that the adaptive pulsing scheme can be used
to quantitatively equalize the varying efforts to which a RS device is tested before
it is declared dead. At this preliminary stage, it is hard to tell whether it is more
advantageous to operate RS devices in RRAM arrays to have a higher probability
of success per switching attempt at the expense of shorter life using stronger pulse
parameters, or vice versa to optimize for lifespan by using weaker pulse parameters.
This choice is probably going to affected by the intended application of these RS
devices of whether speed or lifespan is more desirable, but hopefully future studies
will evaluate the relative advantages of operating RS devices with tuned pulses of for

example, 1%, 50% or 99% switching success rates.

6.5 Conclusion

We show that pulsed mode measurements are valuable for adding another dimension
by which RS devices can be characterized beyond that of basic I-V measurements. The
variation of switching success probability across pulse width and amplitude is useful
not just to further quantify the switching consistency, but can provide supporting

evidence for further work when constructing a rigorous mechanistic model to describe
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SET and RESET transitions.

We have also identified several dependence of pulse parameters and experimental
procedures on the endurance of a RS device. This implies that future evaluation of
endurance will have to be done under properly defined procedures so that reported
numerical values between RS devices can be meaningfully compared to one another.
Nonetheless, this is good news with regards to future applications of such devices
because this implies that there will exist many operating strategies, for example by
choice of gentler pulsing parameters or by using re-conditioning cycles, so that each

RS device can reach the maximum operating lifespan possible.
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Chapter 7

Future directions

We have demonstrated strategies to obtain near perfect device yields and highly
consistency switching cycles that holds across cycles and across RS devices. However,
plenty of work remains in this field and our work has only opened up more exciting
possibilities for future exploration.

These new directions can broadly be classified into two classes. The first class
entails a deeper look into the mechanism of switching now that it is possible to fabricate
high-consistency devices where erratic switching behavior no longer hinders analysis.
The second class entails future directions into how RS devices can be designed with

the additional degrees of design freedom enabled by our work.

7.1 Analysis of second order effects in I-V curves

In chapter [ we have only considered general trends and switching consistency in all
the experimentally obtained I-V curves with a focus to support our hypothesis that
implanted Au dopant atoms are responsible for highly consistent switching. In section
5.3} we briefly used the transient behavior in the first I-V sweep of an as-fabricated
device to deduce that FIB-processing implants excess stray materials into the device
stack which is removed in this first sweep. Similar analysis can be made on subtle but
yet repeatable features of electrical measurement results to derive future insights into

the switching mechanism.
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Figure 7-1: (a) shows the I-V curve from a fresh device cycled with the voltage
waypoints of 0,-4.5,4.5,0,-3.5,3.5,0V. There are thus two visible RESET thresholds at
3.3V and 3.6V, but both transitions are abrupt. (b) shows that the resistance of both
the LRS and HRS increases when the device is cycled beyond 200 times, but with
the switching transition also becoming less abrupt. This presents one additional of
clue for future model fitting. (¢) With more cycling, the resistance of the device LRS
further increases.

For example, fabricated RS devices would possess RESET transitions of variable
abruptness in the different stages of their lifespan (see Fig. . This is useful for
building more accurate RS models in the future because any worthy model oughts to
also explain these experimental observations. The decrease in RESET abruptness can
partially be explained by the network-level simulation model used in sect. where
continuously cycling could cause Au dopant atoms to migrate out of the bulk Al203
and can no longer help to form a filament. This RESET abruptness is also reduced
when an excess ion milling dosage of 500pC/um? is used instead of a more typical

value of 50pC/um? (see Fig. [7-2).

90



Dose 50.89pC/um? Dose 218.85pC/um? Dose 598pC/um?

Current / mA

~14
—2]
—34
< wE
> 5
—64
—71

-8 T : :

-2 0 2

Voltage / V Voltage / V Voltage / V

Figure 7-2: When the ion beam milling dosage increases greatly, the sweep cycles
become distorted and the device cannot achieve a high resistance HRS. This is probably
due to excess filamentary material embedded in the RS device which cannot be easily
switched off. After 18 days, the device processed with the excessive dosage relaxes
(not shown) and displays a I-V curve similar to devices freshly milled at lower dosages.

7.2 Atomic probe tomography

As mentioned in the introduction chapter, direct imaging of filaments, such as using
HRTEM, is a challenging effort. Firstly, these filaments form at random locations
within a device depending on local variations in the deposited films, so it is not certain
where a lamella needs to be prepared from a device to capture a filament. Secondly,
exposing a filament has unknown effects on the filament since these filaments are
either mobile oxygen vacancies or conductive metal atoms. Oxygen vacancies could
get annealed out of the film, or conductive metal atoms along a filament could cluster
at the free surface of a lamella, making TEM observation on a lamella an inaccurate
view of the actual filament formed within an RS device. This also causes in-situ RS
TEM experiments, done on open slices, to be an inaccurate representation of RS in a
typical device because the vast difference in diffusion coefficients in the bulk versus
free surfaces are being ignored.

Direct imaging experiments, however hard both to execute and interpret, are
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extremely valuable in further understanding of the RS mechanism as it provides
physical dimensions useful for modelling. TEM imaging work on RS devices are
often published in high impact journals and heavily cited as these experiments form
a physical basis on which other models can be built. However, there now exists
commercial equipment for atom probe tomography (APT) now in more than 100
locations around the world[76]. APT provides a richer 3D visualization of atomic
identities within a sample by ionizing atoms from the surface and detecting their
elemental identities using time of fight mass spectroscopy. The tool allows spatial
localization of atoms down to 0.2nm. There have been some reported attempts of
applying APT on RS stacks[77, [78]. However, such attempts are currently in the
development stage since both fields have only gained prominence in the recent decades.
Furthermore, the only published attempt [78] considered RS case mediated by oxygen
vacancy filaments, but this is not a good use of APT because vacancies are not directly
registered with APT.

Our RS device happens to be ideal for APT imaging and has the potential to
provide a fundamental understanding into resistive switching. Metal dopant atoms
have been found to be key in fabricating high yield and high consistently RS devices,
but their distribution and size in our devices are unknown. The large mass difference
between the doping Au versus the Al and O atoms in the matrix should simplify the
requirements for these dopants to be imageable. Furthermore, our RS device can be
fabricated with atomic layer deposition, so an RS stack can be directly deposited on
an APT needle rather than having to do an additional FIB lift-out step.

An APT study would be useful to directly measure the distribution and identity

of implanted atoms in the RS stack for subsequent use in computational models.

7.3 New degrees of freedom in stack design

We showed that changing a single layer RS device into a multilayer one and ion
implantation of noble metal dopants can both improve the qualities of switching.

However, we have barely scratched the surface of what is possible because we have
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not yet optimized these two new sets of design parameters.

The ability to replace a single thick layer of oxide into multiple thinner ones to
improve device switching consistency has great value. As mentioned briefly in chap. [4]
this is useful because there is no need to search for a second oxide material to harness
the high consistencies of bilayer oxide RS devices when there exist this simpler method
of intercalating the single thick oxide with conductive spacers. Our method is also
generalizable to beyond 2 and more layers. This might be useful in design restrictions
where the HRS or LRS needs to be above some specified value, such as perhaps in
meeting selector requirements in cross-bar arrays or to reduce power consumption
during operation, where HRS or LRS can potentially be increased without causing
switching stochasticity by simply increasing the combined oxide thickness and dividing

this thicker oxide into a larger number of thinner oxides.

The use of metal dopants for improving device yield and increasing switching
consistency is also rich for manipulation. The use of noble metal dopants, Au, Pd,
Pt, have all been found (previously in Fig. ) to be favorable in improving switching
consistency. However, effects of their concentration and implantation distribution
have not been studied. There might be benefits to device longevity by having dopant
ions at the center of an oxide layer, or by having dopant atoms aggregate to form a

less mobile cluster.

We already see some promising signs that extended device lifespan is possible by
replacing Au ion implantation by Au co-sputtered with AI1203. Au was co-sputtered
for bouts of 2 to 5s for an equivalent thickness of 1 to 3A at periodic heights within a
2.0nm Al203 reactively sputtered film. The Au-doped AI203 film was repeated twice
and separated by a WN spacer just like in our typical stack. This stack is not yet
optimised, but already shows high consistencies in its LRS and HRS resistance and
has remained switchable for a longer time of more than a month so far (compared
to about two weeks for FIB-processed devices). This Au co-sputtered device is still
lacking that it has erratic voltage thresholds for both the SET and RESET but future
variations in process parameters can potentially solve this issue. This also shows that

ion implantation can be replaced by a more accessible fabrication method, helpful in
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enabling trials to be started by other research groups to replicate results as reported

in this thesis.

7.4 Summary

In this work, we have shown strong experimental evidence that it is possible to
fabricate high consistency RS devices using the strategies we propose, which is firstly,
to use FIB-processing to implant noble metal Au dopants into oxides to serve as
bridging atoms for oxygen vacancy filaments, and secondly, to divide single-layer
oxides into multiple thinner oxide layers. These experimental evidence were supported
by theoretical DFT calculations and network-level simulations to understand how Au
or other noble metal atoms doped into multilayer oxides are able to aid in the RS
phenomenon.

The greatest value in the devices fabricated in this work is not in the specific
geometric configuration we have chose to pursue, but in the platform in which it
has provided for accelerating future research into RS and resistive RAM (RRAM).
This is because the deterministic manner in which we achieve near-perfect device
yields and highly consistent RS behaviors can be transferable to other material or
geometrical systems. We have demonstrated this flexibility in part by FIB-milling
into e-beam deposited Au pads, by FIB-milling into other noble metal top contacts,
and by replacing FIB-milling with Au co-sputtering, to show that our strategies still
hold with these changes.

These highly consistent devices are not really intended to be used in consumer
applications as-is, though it might suffice, but is intended for use by researchers as
a reproducible base model on which to introduce changes and to study the effects
of these changes. This will allow relations between causes and effects to be quickly
established since the device-to-device and cycle-to-cycle variability no longer obscures
the analysis of experimental data. The quantification method for switching consistency
introduced in this work shall also come in handy under such an effort. As an example,

our pulsed measurement results show the ease in which further mechanistic insights
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can be obtained when a high consistency RS device is available for probing.

Looking ahead, this final chapter has described the spread of promising work which
can be pursued next. These can either yield deeper insights into the RS mechanism,
or can yield further meritorious resistive switching platforms which will not just have
ideal RS properties but will have tunable behaviors so that the designed device can
adapt to various applications as needed.

The work presented here will lower the barrier in finding the optimal device suitable
for deployment in large arrays used for machine learning applications or hardware
neuromorphic computing, such that isolated merits now seen in separate RS systems
can potentially be brought together in a single ideal device to push the performance

limits of resistive switching to unprecedented levels.
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Appendix A

Microfabrication methods

A.1 ALD deposition of WN/AI203 stack

N-type degenerate Si wafers were purchased from University Wafer. Wafers were dipped in 1:50
HEF:H20 for 60s to remove native oxide and spin rinsed dried. Next, a wafer was loaded into a Oxford
FlexAL ALD machine for plasma-enhanced deposition of alternate layers of WN and Al203 to give the
stack Si/7.5nm WN/2.0nm Al203/3.0nm WN/2.0nm Al203/3.0nm WN/2.0nm Al203. The bottom
electrode of the resistive switching device is the 7.5nm WN. The purpose of this WN is to build the
stack starting from a well-defined layer to avoid wafer to wafer variations from an uncertified supply of
Si wafers. WN is used instead of other commonly used metal due to CMOS requirements imposed on
this particular ALD machine. For a 2-layer or 1-layer A1203 device, the thickness of each oxide layer
will be increased to 3.0nm and 6.0nm respectively so that the combined oxide layer thickness remains
constant. Deposition was done at 300°C. The deposition of WN is a N2/H2 plasma-enhanced reaction
with bis(tert-butylimino)bis(dimethylamino)tungsten(VI) (BTBMW) precursor. The deposition of
Al203 is a O2 plama-enhanced reaction with trimethylaluminum (TMA) precursor. Both recipes
were supplied by the manufacturer. The thin film thickness were determined via X-ray reflectivity
using a Rigaku SmartLab X-ray diffractometer, with both single films on wafers or composite films
on wafers measured. The growth rate of WN and A1203 was deduced to be 0.5A /cy and 1.0A /cy
respectively on the Oxford FlexAL ALD machine.

A.2 Au deposition and FIB ion milling

Au deposition is typically performed on a Balzers tabletop sputterer at 130V and 40mA for 150s

to give a film thickness of 30nm. There is no difference in device performance when Au is instead
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being deposited with a AJA International sputterer or an e-beam deposition machine. No additional
metal adhesion layer is used for Au deposition. A 30kV Ga ion beam on a FEI Helios NanoLab
600i DualBeam FIB/SEM was used to mill away material to produce a square mesa with a side
wall length of 50um. The SEM mode was used to image the chip to set-up for the FIB so there is
no unintended FIB damage except as intended around the perimeter of the mesa. The milling was
performed to a depth that exposes the Si substrate. This corresponds to an areal Ga ion dose of 80

to 120pC/um?. Resistive switching devices start in the LRS after ion beam milling.

A.3 Reactively sputtered deposition

As an alternative to ALD deposition, the WN and Al203 can also be deposited by reactive sputtering.
WN was reactively sputtered with a 29 sccm Ar and 6 sccm N2 mix at 3mT and DC 150W power on
an AJA International Phase II J sputterer. Al203 was reactively sputtered with a 29 sccm Ar and 6
scem 02 mix, with plasma struck at 30mT and deposition at 3mT. The deposition rate of A1203
was O.llA/ s with a 300W RF power supply. If substituting FIB Au ion implantation, co-doping of
Au can be done at this stage by flashing 2s to 5s of Au plasma at 20W DC for 3 to 7 times spaced
evenly within each A1203 layer.
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Appendix B

DFT method

The energetics of the 2 x 2 x 1 perfect supercell (a= 9.62A,c= 13.13A) and all of the defects were
calculated using density functional theory (DFT) using a plane-wave basis set, projector-augmented
wave pseudopotentials and the Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized
gradient approximation (GGA) as the exchange-correlation functional, as implemented in the Vienna
ab initio Simulation Package (VASP) v.5.4.1. A kinetic energy cutoff of 520 eV and a gamma-centered
2% 2x 2 k-point mesh were used, resulting in a convergence accuracy of <1 meV /atom. All calculations
were performed with a Gaussian smearing width of 0.05 eV and spin-polarized setting. Atomic

positions were relaxed until the force on each atom was below 0.02 eV /A.

The formation energy of V. in bulk Al203 was calculated as

VY perf
Ey = Eppr — Eppr — Hos

where E is the formation energy of V' in bulk Al203, EK%T is the DFT energy of the supercell
with a V7, Ege;fr is the DFT energy of the perfect supercell with no defects, and p, is the chemical

potential of oxygen in the system, calculated in the oxygen-rich limit, given below.

The formation energy of V¥ nearest neighbor (NN) to a dopant at the octahedral interstitial site
of Al203 was calculated as

Ve_pe DT
Ey = Eppr ' — Eppr — Ho,

where E is the formation energy of V' at the NN site to the dopant; E]‘D/é; DY is the DFT energy
of the supercell with the dopant and V¥ at its NN site; EggT is the DFT energy of the supercell

with only the interstitial dopant, and g, is the chemical potential of oxygen in the system, calculated
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in the oxygen-rich limit, i.e.,

]. o o PO
to (T, Po,) = 2 E82FT + Eover +N’O2(T’F) )+ kT < Po2):|

where EBST is the DFT energy of the O2 molecule; Ey., is the correction for the O2 overbinding
error caused by GGA, taken as 1.36 eV as identified by Wang et al.; ug, (T, P°) is the difference in
chemical potential of O2 gas between T=0 K and the temperature of interest, at a reference pressure
of P° =1 atm, as obtained from thermo-chemical tables; Pp, is the partial pressure of oxygen gas (1
atm in the O-rich limit). The binding energies of the complexes were calculated as

Vom_D;C

Ey(VP — D¥) = E{* + E}" — E}

Note that binding energy does not depend on the chemical potentials of the various elements involved.

The chain formation energy (per V") was calculated as,

nVF—D? D?
Ey = (EDFT — Eppr — nuo) /n,

DY is the DFT energy of the

where E is the formation energy of V' chain with the dopant, Egg‘éf
supercell with the dopant and n V¥ (n=8) chain, E&:T is the DFT energy of the supercell with only
the interstitial dopant, and p, is the chemical potential of oxygen in the system.

The chain binding energy (per V.¥) was calculated as

Ey(nVg - D) = (nEf® + BYY — E}YS7P0) .
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Appendix C

Standard electrical test set

The electrical characterization of a freshly milled RS device always first starts with the following
set of I-V sweeps. This ensures that (1) as-fabricated resistance values can be recorded, and (2)
comparisons can be made easily between devices fabricated across wafers or time by referring to their
results from this test set. This ensures that subtle transient behaviors across different devices can be

compared to one another.
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No. | Voltage waypoints / V Purpose
1 | (0,-0.5,0.5,0) Extract as-fabricated resistance.
2 | (0-2,2,0) Obserye presence of stray as-fabricated
materials.
3| (0-3,3.0) Obserye presence of stray as-fabricated
materials.

(0,2.0,2.0,2.1,2.1,2.2,22,2.3.2.3

4 :_228%_’332_22957_’3(5):_320(?_’3?2_32177_’3;2))228 Observe mglti—bit switching character
-3.33.3-34,34-3535-3636-37 | (Vith transient character).
,3.7,-3.8,3.8,-3.9,3.9,-4.0,4.0,0)
(0,2.0,2.0,2.1,2.1,2.2,2.2,2.3,2.3,-2.4
2.4,-2.5.2.5.-2.6,2.6,-2.7,2.7,-2.8,2.8,-2.9

5 1,2.9-3.0,3.0,-3.1,3.1,-3.2,3.2,-3.3,3.3,-3.4 | Observe multi-bit switching character.
,3.4,-3.5,3.5,-3.6,3.6,-3.7,3.7,-3.8,3.8,-3.9
,3.9,-4.0,4.0,0)
(0,-3.5,3.5,-3.5,3.5,-3.5,3.5,-3.5,

6 | 3.5,-3.5,3.5,-3.5,3.5,-3.5,3.5,-3.5, Observe repeatability in switching.
3.5,-3.5,3.5,-3.5,3.5,0)
(0,-3.5,3.5,-3.5,3.5,-3.5,3.5,-3.5,

7 | 3.5,-3.5,3.5,-3.5,3.5,-3.5,3.5,-3.5, Observe repeatability in switching.
3.5,-3.5,3.5,-3.5,3.5,0)

Table C.1: Basic test set used for electrical characterization. Voltage waypoints
are shown in lieu of the actual voltage points used. A script converts these voltage
waypoints into smoother voltage ramps with 20mV steps.
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