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Abstract:

Memristive devices have become very popular in recent years due to their potential to
dramatically alter logic processing in CMOS circuitry. Memristive devices function as
electrical potentiometers, allowing for such diverse applications as memory storage,

multi-state logic, and reconfigurable logic gates.

This research covered the fabrication, characterization, and modeling of Al/Cu,O/Cu
memristive devices created by depositing Al top electrodes atop a CuxO film grown using
plasma oxidation to grow the oxide on a Cu wafer. Power settings of the plasma
oxidation system were shown to control the grown oxide thickness and oxygen
concentration, which subsequently affected memristive device behaviors. These
memristive devices demonstrated complete nonpolar behavior and could be switched
either in a vertical (Al/CuxO/Cu) or lateral (Al/Cu,O/Cu/Cu,O/Al) manner. The

switching mechanism of these devices was shown to be filamentary in nature.

Physical and empirical models of these devices were created for MATLAB, HSPICE, &
Verilog A environments. While the physical model proved of limited practical
consequence, the robust empirical model allows for rapid prototyping of CMOS-

memristor circuitry.
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I. Introduction
Memristive devices are two terminal, electrical potentiometers. That is, they behave as

non-volatile, variable resistors whose resistance is modulated by a voltage bias. As such,
these devices have the potential to become a game changing technology. With respect to
traditional von Neumann computing, these devices may be employed as memory cells or
strategically incorporated into circuits to create reconfigurable logic gates [1-3].
Additionally, memristive devices function as the hardware equivalent of a biological
synapse [4], and thus, may be an enabling technology for neuromorphic computing at a

biological systems scale.

In practice, memristive devices may be created from as few as three material layers,
metal-insulator-metal (MIM). However, with respect to complementary metal-oxide-
semiconductor (CMOS) technology, only certain materials are allowed in the front-end-
of-line (FEOL) and the back-end-of-line (BEOL). Cu is ubiquitous in the BEOL, and

metal/Cu,O/Cu memristive devices have been reported in the literature [5-7].

The research presented herein demonstrated the plasma oxidation power correlation with
final oxide layer thickness and oxygen concentration. Complete nonpolar switching
behavior was observed in Al/CuO/Cu memristive devices fabricated for this research.
Various switching mechanisms have been reported for CuxO based memristive devices
due to processing variations of the oxide layer. For the devices prepared for this
research, the switching mechanism was shown to be filament formation, where filament

composition modulation was suggested to be source of the complete nonpolar bistable



switching. These observations provide a foundation for future device engineering for

application specific circuit hardware, e.g. resource constrained platforms.

This document is composed of six chapters. Of the remaining chapters, Chapter 2 covers
the detailed history of the memristive device, from its theoretical conception to its
physical inception. An overview of the materials and methods used in this research are
provided in Chapter 3. Chapter 4 presents the characterization data and analysis.
Physical and empirical models of memristive device behavior for incorporation with
circuit simulation software are covered in Chapter 5. Finally, a summary of the research

conclusions and planned future research are addressed in Chapter 6.



I1. Background

2.1 Memristor Theory

Traditionally, circuit theory is governed by four fundamental variables and five
relationships between the aforesaid variables. These fundamental variables are electric
current i, voltage v, electric charge g, and magnetic flux ¢. The first two relationships
concern current and magnetic flux. Current is the time integral of electric charge, dg = i
dt. Magnetic flux is the time integral of voltage, dp = v dt. The other three relationships
are physically realized as the fundamental passive circuit elements, viz. resistor (1745),

dv = R di; capacitor (1827), dg = C dv, and inductor (1831), dep = L di.

In 1971, Leon Chua predicted the existence of a fourth fundamental circuit element in his
paper “Memristor - The Missing Circuit Element.” [8] When these five electronics
equations were arranged graphically, symmetry seemed to suggest the existence of a
device to relate magnetic flux to charge, dp = M dq (Figure 2.1.1). Although nature
required no symmetry per se, in the grand tradition of Dmitri Mendeleev, Chua

mathematically described the properties that such a device would possess.



Figure 2.1.1 This figure shows the relationships between the four fundamental
circuit variables and their respective relationships between each other.

In one algebra step, the dp = M dq relation becomes a variant of Ohm’s Law,

d
wwp%ftﬁ%. (2.11)
dt

Understood in this way, M then has units of ohms like a resistor; however, the device’s
resistance would not be fixed but would vary as a function of the total charge through the
device. Given a sine wave input voltage, Equation 2.1.1 yielded an I-V curve of a
pinched hysteresis loop odd symmetric about the origin (Figure 2.1.2). This hysteresis
loop arose from the phase shift of the current through the device with respect to the
applied voltage bias. The loop was pinched at the origin because | = 0 when V = 0 from
Equation 2.1.1. Still further, this indicated that the device was purely dissipative; and
energy was not required for the device to “remember” its current resistance value [9].
Thus, Chua named his theoretical device a “memristor,” a portmanteau of “memory
resistor,” and the M from his equation “memristance” for “memory resistance” [9]. He

considered his device the fourth fundamental passive circuit element because no

4



combination of nonlinear resistors, capacitors, or inductors could replicate the predicted

behaviors of the memristor [9].

+l

Current (A)
o
\
\
\
\\

///// /
LRV 0 V
Voltage (V)

Figure 2.1.2 The I-V curve of an ideal memristor is a pinched hysteresis loop, odd
symmetric about the origin which it crosses. The hysteresis loop shows that the
device’s resistance value is a function of its previous values. The device requires no
additional energy to “remember” its current resistance value, as indicated by no
currentat O V.

Chua predicted two other properties that memristors should exhibit. With respect to
physical device size, the memristance fell off as a 1/r* relationship; thus only as devices
became smaller would the memristance effect become more appreciable [3]. Lastly,
since the device resistance was a function of the total charge through the device, a sine
wave of the appropriate wavelength and frequency would cycle a memristor through its
entire 1-V curve. If the frequency was increased significantly, then the memristor would
no longer be afforded sufficient time to completely cycle, which would shrink the
accessible resistance range. Beyond a certain frequency, the memristor would appear to

be a normal resistor [3, 10].



In 1976, Chua and his graduate student, Sung Mo Kang, expanded their memristance
relation predictions to include a broader class of systems called “memristive systems.”
These systems are defined by the relationship v(t) = R(w,i) i(t), where w defines the
internal state of the system and (dw/dt) = f(w,i) [9]. By this definition, the memristor

itself was a special case of a memristive system.

Despite the detailed list of expected device behaviors, there still was difficulty in
translating the mathematical memristor framework to a physical device. In particular,
while in a memristive system the magnetic flux was no longer a unique function of the
charge, its exact role was then unclear. These concepts and the search for the memristor

fell out of general thought.

2.2 Physical Realization of the Memristor

a) Discovery

Contemporaneously, scientists began reporting anomalous resistance switching behaviors
in devices. Chua’s predicted pinched hysteresis loop was observed in devices made from
a wide variety of materials [11-41], to include organic films [14, 16, 25, 28, 29, 37, 38],
chalcogenides [23, 26, 34, 39], metal oxides [11, 12, 24, 39], and perovskites [15, 27, 30-
32, 39]. Often these devices were simple metal-insulator-metal (MIM) structures. Since
the theoretical memristor had not been associated with these devices at the time, these
devices and their switching properties were referenced under a variety of names to

include: bistable switching, nonvolatile memory, phase change memory, and resistive



random access memory (RRAM). Given the range of names for the disparate physical

switching phenomena, a link across devices was not anticipated.

In 2008, Stanley Williams from Hewlett Packard (HP) announced the first memristor, a
Pt/TIO,/TiO,.x/Pt device, in which the mathematical theory of the memristor was
explicitly used to describe the behavior of a physical device [3]. The effective transport
mechanism in TiO, based memristors was ascribed to a positively charged oxygen
vacancy drift originating within the oxygen deficient TiO, layer [3]. Thus, under a
positive voltage bias these vacancies would drift towards one end of the device
decreasing the effective resistance of the memristor as time progressed. Additionally,
once the voltage was removed, there would be insufficient force to cause said vacancies
to move any farther. Upon the application of a negative voltage bias, the vacancies

moved back whence they came, increasing the effective resistance of the memristor.

While this explanation was instructional for how to start interpreting the previously
observed hysteretic behaviors, it was far from physically accurate. Similar TiO,
memristive devices were shown to switch via phase change [42]. In other devices,
filament creation and destruction [43, 44] and trap state filling/emptying [6, 15] were

identified as the switching mechanism.

To account for the wide variety of switching behaviors not explicitly dependent upon the
electric charge and the magnetic flux exhibited by these rediscovered memristors, Chua

revised some of his descriptions of memristors. First, Chua asserted that the memristor



was not unique to any physical material or switching mechanism. Second, q & ¢ were
merely mathematical constructs that did not need to be translated to physical properties.
Thus, according to Chua [10], any two terminal, passive electronic device that may be
switched between two or more resistances via the application of an appropriate voltage or
current signal and whose present resistance value may be queried using a smaller “read”
signal is a memristor or a memristive device, i.e., “If it’s pinched, it’s a memristor.” [45].
Most of the physical devices described in this paper were strictly speaking memristive

devices [9] and shall be referred to as such herein.

b) Typical Device Operation

The memristive device has at least two critical resistance states, a high resistance state
(HRS) and a low resistance state (LRS). To change a memristive device from the HRS to
the LRS (termed a SET operation), a voltage bias of the appropriate polarity and
magnitude, Vset, must be applied to the device. Additionally, a current compliance is
enforced during a SET operation; otherwise, the unchecked high current through the
device will permanently establish an LRS by electrically breaking down the oxide. Once
the device is in the LRS, it may be returned to the HRS via a RESET operation, typically

by applying a lower voltage, Vgeset, sans the current limit.

Though Chua only explicitly predicted one switching style, four switching styles are
observed in practice. When Vet and Vgeset are of opposite polarity, the device is said to
be bipolar. Furthermore, if Vser = +V, then the device is said to be bipolar(+) (Figure

2.2.1 a)); else if Vsgr = -V, the device is bipolar(-) (Figure 2.2.1 b)). When Vser and



Vreset are of like polarity, the device is said to be unipolar. After the same fashion, if
Vser = +V, then the device is said to be unipolar(+) (Figure 2.2.1 c)); else if Vger = -V,
the device is unipolar(-) (Figure 2.2.1 d)). Should a device exhibit both bipolar and
unipolar switching, the device is said to be nonpolar. If all four bipolar and unipolar

switching configurations are exhibited, the device may be said to be completely nonpolar.
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Figure 2.2.1 1-V curves of all four possible switching styles were observed in
memristive devices (data from Section 3.4), a) bipolar(+), b) bipolar(-), ¢)

unipolar(+), and d) unipolar(-), where the blue curve is the SET operation and the red
curve is the RESET operation

¢) CuO Memristive Devices

Copper oxide is not a new material in the study of memristive devices [46-49]. Copper is
of interest because of its pervasive use in the semiconductor industry. Additionally,
several means to create Cu,O are available in a CMOS foundry. Like other binary
oxides, CuxO/Cu memristive devices reported in the literature were often simple MIM

9



structures, which greatly simplified manufacturability logistics. Lastly, nonpolar
behavior was reported in Al/CuyO/Cu memristive devices, which allows for a greater

variety of potential applications for a viable device [43].

Despite the advantages of copper and its naturally occurring oxide, CuxO is a difficult
material to consistently manufacture. Several studies have used different means to create
Cu,O layers, including thermal oxidation [50], ion implantation [51], and physical vapor
deposition [52]; but devices subsequently fabricated from these layers commonly did not
have long endurance times (~10* cycles) [48] and suffered from interfacial voiding [52]
that limited their wide-spread use. Of the available synthesis techniques, copper oxide

created by plasma oxidation (POX) [7] exhibited the most robust switching properties.

Copper oxide manufacturing inconsistencies have led to two reported switching
mechanisms: trap state filling/emptying [15] and filament formation/rupture [43]. To
properly evaluate CuxO memristive devices fabricated under a certain process, the

switching mechanism(s) involved ought to be unambiguously identified.

2.3 Application space

The transistor was foundational to the success of the computer revolution. While it is
now possible to fabricate billions of transistors onto a single computer chip, the sheer
number of transistors consistently increases the operational power requirements and

excess thermal energy which must be dissipated. As portable technology becomes

10



increasingly significant in today’s economy, memristive devices successfully integrated

with current CMOS technology have the potential to become game changing.

As previously stated, memristors are nonvolatile electrical potentiometers. Furthermore,
they may be as simple to fabricate as a MIM structure. In terms of advancing current
computing paradigms, memristors will likely be employed to reduce the size, weight, and

power (SWaP) requirements of integrated circuits.

Static random-access memory (SRAM) and dynamic random-access memory (DRAM)
are two primary means for volatile memory storage used in computers today. These
memory cells are composed of transistors which much be periodically refreshed, or the
stored bit will be lost. Additionally, by virtue of using transistors, a voltage bias is

continually applied to the drain of the transistor.

Given that the memristive device can be programmed and may persist in that state until
reprogrammed otherwise, it is expected that memristive devices will be used to replace a
significant number of transistors to create a reduction in the overhead power costs.
Furthermore, by strategically replacing transistors with memristive devices, not only
could integrated circuits be made reconfigurable, but currently reconfigurable circuits

could be made non-volatile, e.g. field-programmable gate arrays (FPGA) [53].

Given the simplicity of the MIM structure, it was natural that crossbar arrays were

quickly identified as potential architectures for integrating memristive devices with
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CMOS [54-57], where the switching layer would be sandwiched between two orthogonal
metal lines (Figure 2.2.2). The device area would be only that of the line width squared,
so the achievable memory storage density could exceed 1 TB/cm? [59]. In theory, each

device would be addressable by applying a voltage to the appropriate x line and y line.

v
GND

Figure 2.3.1 A crosshar architecture with memristive devices between the metal
lines at the intersection points theoretically allowed addressing of individual devices
(red square) by applying a voltage to row x and electrically grounding column y (red
path). Sneak paths in crossbar architecture arose because the current followed the
path of least resistance (green path), viz. devices already in the LRS (green circle).

Thus the measured resistance value could not be trusted to be that of the intended
device.

However, in practice, crossbars suffer from two problems: sneak paths and crossbar line
resistance limits. While voltage was restricted to the metal lines to which it was applied,
the subsequent current flow was not [57] (Figure 2.2.2). Thus, even the success of a
WRITE/ERASE (i.e. SET/RESET) operation was unverifiable. It has been proposed that
fabricating memristive devices back-to-back or a memristive device and diode in series

may be used to counter these sneak paths [57, 60].
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Additionally, there were physical limits to the practical size of memristive device
crossbars. As the crossbar line length increased, the total resistance of the metal line
increased. Even allowing for sneak path mitigation techniques, as the line resistance
increased, more of the applied voltage bias was across the line itself and not the

memristive device at the crossbar junction [61].

The last feature of the memristive device to be of great promise is the multi-state
capability exhibited by some devices. The advantages of more than one bit of
information storage per device are self-evident. This property also naturally lends these

devices for applications in another, very different computing paradigm.

All of the previously discussed applications of memristors have been restricted to
classical or von Neumann computing architectures, where data and instructions are
fetched and executed sequentially [62]. Neuromorphic computing, on the other hand,
attempts to perform computation in a manner analogous to biological systems. This
novel approach recognizes that biological systems perform massively parallel,
asynchronous computations using highly interconnected neurons. These neurons are
connected by numerous synapses with adjustable weights. It is the adjusting of these
synaptic weights that allows a biological system to learn [4]. The SWaP savings and
brute computational prowess of this computing paradigm is evident from even as simple
a comparison as a dragonfly’s aerial maneuvering and landing with that of an F-22

Raptor.
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Again the synaptic plasticity is one of the key requirements. In software simulations of
neural networks (collections of neurons and synapses), updating the synaptic weights was
a straightforward operation. Hardware implementations of synapses were often hybrid
hardware/software solutions and required many different circuit elements [63-68].
Hardware synapses on very-large-scale integration (VLSI) chips required a
disproportionate amount of real-estate, so it quickly became apparent that such a
hardware approach would be not be able to achieve the neuron & synapse counts of
relevant biological systems. Even a simple roundworm (Caenorhabditis elegans) has 302
neurons and about 5,000 synapses [58], which is trivial compared to the billions of

neurons and trillions of synapses in the human brain.

The memristive device is the hardware equivalent of the biological synapse [3, 4]. Not
only can its resistance value, the synaptic weight, be modulated (“trained”), but an
external power source is not required to maintain this value. Furthermore, this hardware
synapse is a single two-terminal device; and, being a MIM, may theoretically may be
made on size scales similar to transistors. Neuromorphic learning circuits including
memristive devices have already been demonstrated to replicate the learning behavior of
an amoeba (Physarum polychephalum) [69] and “learned” associative memory (e.g.

Pavlov’s dog) [70].

Despite all the promises of memristive devices, it is still a maturing technology with
respect to commercial applications. First, only certain materials are allowed in the FEOL

and in the BEOL of a CMOS foundry; so a manufacturable device must be composed of
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only approved materials. Second, switching voltages and resistance values must be
consistent across devices. Third, the retention time of a device ought to be comparable to
Flash, >10 years. Fourth, the device ought to have an endurance comparable to Flash, 1

million switches.

2.4 Summary

Memristors and their associated behaviors were theoretically predicted back in 1971.
Since then numerous memristive devices bearing the signature pinched hysteresis 1-V
curve have been fabricated, though the actual switching mechanism was dependent upon
the materials used. The nonvolatile, variable resistance properties of these devices make
them desirable for commercial applications ranging from classical to neuromorphic
computing. Today, this technology is still in its infancy; and more basic science as well
as device engineering research must be invested before the full impact of the memristive

device upon computing can be accurately assessed.
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I1l. Methods & Procedures

3.1 Introduction

This chapter covers the methods and procedures used during the execution of this
research. While the general procedures for fabrication and testing were consistent
throughout, several parameter values were changed as required. These changes will be

detailed in the appropriate subsections of Chapter 4.

3.2 Fabrication

A starting substrate of SiO,/SiN was fabricated on 300 mm silicon wafers using standard
chemical vapor deposition (CVD) techniques. Atop the substrate, Cu/Ta/TaN were
deposited by physical vapor deposition (PVD), acting as the electroplating seed, adhesion
layer, and diffusion barrier, respectively. To create the bottom electrode, 1um of
electrochemical deposition (ECD) Cu was deposited on the Cu seed layer. Chemical

mechanical planarization (CMP) was then used to level and polish the ECD Cu.

Cu,O films were grown via plasma oxidation (POX), a common process in
semiconductor manufacturing because of its low temperature requirements and high
oxidation rates. For the first generation of devices, plasma oxidation was performed in
the 300 mm facility at the College of Nanoscale Science & Technology, University at
Albany, SUNY (CNSE). The plasma oxidation recipe used for the second and third
generation CuxO films required the use of a different plasma oxidation system, a 200 mm
Trion Phantom 111 RIE (reactive ion etch) system. This system allowed for two power

settings: RIE and inductively coupled plasma (ICP) power (Figure 3.2.1). Plasma, which
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is ionized gas molecules, was created by a radio frequency electromagnetic field applied
at hundreds of watts (ICP power) to the system, where the oscillating field liberated
electrons from the gas. The RIE power supplied a DC bias of hundreds of volts to the
wafer chuck, which drew the negatively charged gas ions to the wafer. In this manner,
the attracted ions either etched the surface of the target wafer or reacted chemically to it.
In this case, CuxO was grown. Aside from the RIE and ICP power levels, plasma

oxidation etch rates/oxide growth were dependent upon a) the wafer chuck temperature,

b) the process duration, c) the gas flow rate, and d) the chamber pressure.
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Figure 3.2.1 Figure shows schematic view of a plasma oxidation chamber.

The Trion Phantom I11 RIE system was designed for 200 mm wafers, thus sections of the
Cu wafer had to be cleaved and adhered to an 200 mm Si carrier wafer by means of
cryogenic grease. The use of the grease ensured that the smaller sample would not
become dislodged during mechanical transport between the loading and oxidation
chambers of the tool or during the POX process itself but would be removable after the

oxidation process was complete.



The carrier wafer and cryogenic grease had some unintended consequences on the
resulting CuxO films. The wafer chuck temperature was varied during experimentation.
For the last two generations of devices, the chuck temperature was set to 0° C. Since RIE
was a thermally sensitive process, the areas with a liberal application of cryogenic grease
were held closer to the programmed chuck temperature than the surrounding areas. At
the end of the oxidation step, these areas remained close to the coloration of the native
oxidation layer of Cu. Moving away from these points, a color gradient was observed
(Figure 3.2.2). The effects of the cryogenic grease placement were confirmed by varying
the points of grease application and observing corresponding positions of the points of

minimally oxidized Cu coloration (Figure 3.2.2 a) & b)).

Since the colors did not change with the angle of incidence (Figure 3.2.3), the color
gradient resulted from physical differences in the CuxO itself, e.g. the oxide thickness
[100]. For data analysis continuity, all reported device data were collected from devices
populating the most uniformly colored regions beyond the cryogenic grease application
points. Since temperature was not an explicitly tested variable during this research, a

consistent temperature was more important than the absolute temperature value itself.
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Figure 3.2.2 Cryogenic grease was applied to the backside of the areas inside the
white circles of a) RIE 300 W sample and b) RIE 200 W sample. The areas of least
color deviation from the control Cu wafer corresponded to the areas of cryogenic
grease application across all samples. The color gradient of a) is more expansive
because the grease was spread out farther on that sample than in sample b). The
surface of both samples were still highly reflective but were diminished in the
picture for maximum color contrast. (The dark shadow on the right side of a) is the
camera.)
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Figure 3.2.3 a) Cu wafer sample arrived with native oxide layer and uniform
coloration. Following the plasma oxidation step, a variety of colors of CuxO were
observed, b) yellow, c) orange, d) purple, e) light green, f) green, and g) brown 1,
h) brown 2, and i) brown 3. Pictures b) — i) taken from RIE 300 W sample from
Section 4.4.

Furthermore, as is discussed later, the bare Si carrier wafer was a likely source of the Si
contamination observed in the oxide. To mitigate this potential contamination source, a
Cu coated carrier wafer was procured for the third fabrication runs. Those oxide films

did not have significant Si concentrations as before.

Next, top electrodes (TE) were either patterned using a custom photolithography process
for 200 mm CMOS technology or a shadow mask. For the “standard” photolithography

process used in this research, the samples were spincoated with Shipley 1813 resist, heat
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treated, and patterned using a contact aligner. The mask set used varied over the course
of experimentation and is detailed in the appropriate subsections of Chapter 4. For
reference, Figure 3.2.4 is the template for the shadow mask used for devices fabricated in
Section 4.4. The TE size of the first four rows are 100 X 100 pm and decrease by 10 pm
for each subsequent row down to 10x10 um. Al TE 200-400 nm thick were deposited via
electron beam deposition. For devices defined by photolithography, a separate liftoff step
was required to remove the excess Al. Thus the final memristive devices were
Al/Cu,O/Cu material stacks, where the Cu,O and Cu layers were in common among all

devices.
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