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Summary

Carbon nanotubes (CNTs) have been researched and investigated due to their
exceptional electrical, thermal and mechanical properties which make CNTs a
promising material for the next generation electronic memories. CNT based memories
can mainly be classified into 3 categories. In the first category, semiconducting CNTs
are utilized to emulate silicon-based memories, while in the second category the
mechanical properties of CNTs are employed to create bi-stable devices for the memory
function. In the third category, CNTs are used as the electrodes with a resistive
switching material in between two CNTSs electrodes to form a memory structure which
is similar to conventional resistive random-access memory (RRAM). At the sub-
nanometer scale, conventional silicon-based memories are reaching their scaling limits.
CNT based memories possess a great advantage over traditional silicon-based memories
due to their smaller size and also their superior thermal and mechanical properties. CNT
based memories can potentially offer higher density memory as CNT is in the range of
a few nanometer size. This allows more data stored into the same spaces as compared
with silicon-based memories. In addition, CNT based memories consume lower power
compared with silicon counterparts due to smaller active areas. Furthermore, CNT’s
exceptional properties provide a greater resistance to radiation, magnetism as well as

electromigration which affect largely silicon-based memories.

In this dissertation, CNTs based memory devices in particularly using CNTs as the
electrode for RRAM have been studied. By using CNTSs to replace conventional metal
as electrodes for RRAM, the memory device dimension can be reduced, the packing
density can be increased and the electromigration in the electrodes can be eliminated.
The objectives of this thesis are to develop and analyze the CNT based RRAM devices
and compare their performances with conventional metal electrode RRAM devices in

order to improve the devices’ performance.
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The thesis is divided into three parts. In the first part, the metal electrode RRAM was
focused. To have a better understanding of RRAM working mechanism and
performance, metal electrode RRAM devices were fabricated and analyzed. Several
metal oxides were used as the resistive switching material including hafnium oxide
(HfO2), aluminum oxide (Al203) and zirconium oxide (ZrOz) to achieve a better

memory performance.

In the second part of the thesis, CNTs based RRAM devices were fabricated. Random
network CNTs and aligned CNTs were synthesized to fabricate random network CNTs
electrode RRAM and aligned CNTs electrode RRAM devices. The electrical

characterization was performed to analyze the device performance.

In the last part of the thesis, RRAM devices with a bi-layer resistive switching material
and aligned CNTs electrodes were developed. The devices showed several key
advantages over the metal electrode RRAM devices where the devices established a
forming-free process and low reset current down to 10nA. Furthermore, the devices
exhibited lesser variation in term of the operating voltages from cycle to cycle

performance for the same device as well as from device to device.
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Chapter 1 Introduction

1.1 Background and Motivations

Carbon nanotubes (CNTSs), a prominent member of carbon family, are essentially a
cylinder rolled by graphene sheets in nanometer scale diameters. CNTs have been
widely used in research for many electronics area including transistors, memories,
energy storages, sensors, solar cells etc. [154]. With the exceptional electrical, thermal
and mechanical properties and better scalability, CNTs are considered to be currently
one of the most promising candidates for the future memory devices. CNTs based
memories have a great advantage over traditional silicon-based memories due to their
small size and also their superior properties. CNTs based memories can be categorize
into 3 main types. First type of CNTs based memories utilizes semiconducting CNTSs to
emulate conventional silicon-based memories such as floating gate transistor memories.
Second type of CNTs based memories use the mechanical properties of CNTs to create
bi-stable devices for memories function, for examples, the most notable Nano-RAM
(NRAM). The last type of CNT based memories replace the metal electrodes in resistive
RAM (RRAM) with CNTs and sandwich a resistive switching material in between two

CNTs electrode to form a CNTs based RRAM.

CNTFET based memories are similar to conventional silicon-based memories.
CNTFET based memories use CNT transistor as their basic structure to trap and hold
charges to realize the memory effect. By applying a voltage to the gate, electrons can
tunnel through and trap inside the oxide layer or release from the oxide layer. The
charges trapped into or released from the oxide gate dielectric layer to create the ‘on’

and ‘off” states of the CNTFETSs.

An NRAM uses CNTs network to create a bi-stable device for memories function. An

NRAM is formed by sandwiching a CNTs network fabric with two electrodes. When



voltage is applied, the CNTs in the network are brought into contact and the overall
resistance is hence reduced. By applying a voltage greater than the read voltage, it will

generate CNT phonons to separate the CNTSs junction.

In contrast, CNT based RRAM is almost identical to conventional RRAM in which a
resistive switching oxide layer is sandwich between two electrodes to form a memory
device. For conventional RRAM, metals are usually used as the electrodes. While for
CNTs based RRAM, the metal electrodes are replaced with CNTs electrodes. By
applying a voltage across the two CNTSs electrodes, a conduction path is formed in the
oxide layer. This conduction path formation reduces the resistance of the oxide and
creates a low resistance state. When a large bias is applied, the conduction path can be

annihilated and the resistance returns to a high resistance state.

In this project, the main focus is to make use of CNTSs as the electrodes to develop and
study CNTs based RRAM devices. Metal electrode RRAM devices were first fabricated
and analyzed to have a better understanding of the RRAM performance and the
conduction path formation mechanism. Next, CNTs electrode RRAM devices were
fabricated and analyzed. Several metal oxides were used as the resistive switching layer

to compare and optimize the performance for the CNTs based RRAM memories.

1.2 Objectives

The objectives of this project are to develop novel CNT based memory devices by
introducing new designs and optimizing the processes. Several memory devices with
different oxide layers were to be fabricated for performance analysis and memory
performance optimization. Different structures were to be developed to maximize the
memory device performance. The physical mechanism of the conduction path formation
in the metal oxide layer and the charge transfer between CNTSs electrodes and the

dielectric layer were to be studied and analyzed.



1.3 Major contributions of the Thesis

The main contribution of this thesis is developing a novel CNTs based memory devices
by analyzing several different structures and several oxide layers as the resistive
switching layer in the CNTs based RRAM devices. CNTs based RRAM were
fabricated and demonstrated for both random network CNTs as well as aligned CNTs
as electrodes (in Chapter 5). Several different device structures and different oxide
layers as the resistive switching layers were compared in terms of the device
performance. A novel bi-layer resistive switching memory using aligned SWCNTSs as
electrodes are demonstrated (in Chapter 6). The bi-layer resistive switching memory
using aligned SWCNTSs as electrodes showed forming-free properties and exhibited a
low reset current down to 10nA. The device also showed improvement in stability in
terms of operating voltage. The device demonstrated lesser variation from cycle to

cycle within the same device as well as from device to device for operating voltage.

1.4 Organization of the Thesis

This thesis presents the systematic study of RRAM devices using CNTs as the
electrodes. Several structures and oxide layers were demonstrated and analyzed. A
novel bi-layer resistive switching memory using SWCNTSs as the electrodes were

developed and investigated in coordination with comprehensive experimental results.

In Chapter 1, three categories of CNTs based memories are reviewed. This chapter
includes the motivations and the main objectives of this thesis and summarizes the

major contribution of this Master project.

Chapter 2 provides the background knowledge and an overview of carbon nanotubes.
A review of conventional as well as new emerging memories are presented.

Comparison between current memory technologies and new emerging memories are



discussed. Finally, different CNTs based memories are reviewed and compared.

Chapter 3 focuses on the device fabrication and CNTSs synthesis process. The detailed
device fabrication processes are presented and discussed. The fundamental of CNTs
growth is reviewed and the growth process for random network CNTs and aligned

CNTs are discussed.

In Chapter 4, metal electrode-based RRAM devices is presented. Several different
metal oxides with several different thicknesses were used as resistive switching

materials for comparison. The mechanism and performance are discussed here.

Chapters 5 introduces the CNTs based RRAM. Random network CNTs and aligned
CNTs memory devices are characterized. Metal-CNT electrode RRAM and CNT-CNT
electrode RRAM are studied and analyzed. Several oxide layer and thicknesses were

fabricated and investigated. The mechanism and performance are discussed.

Chapter 6 introduces a novel bi-layer resistive switching memory using aligned CNTs
as electrodes. Bi-layer resistive switching memory using metal as electrode are
discussed as well. The proposed mechanism and performance are analyzed and

discussed here.

Lastly, Chapter 7 summarizes the main results that have been obtained in the thesis.
Also, it recommends opportunities for future researches and suggests some research

directions based on the contributions in this thesis.



Chapter 2 Literature Review

2.1 Overview of carbon nanotubes

Carbon nanotubes, a prominent member of the carbon family, are essentially seamless
cylinders rolled by graphene sheets in nanometer scale diameters and micro scale
lengths. Multi-walled carbon nanotubes (MWCNT) were first discovered by Oberlin
et al in 1976[4] while single-walled carbon nanotubes (SWCNT) were discover ed 17

years later in 1993 by lijima [55] and Bethune [28] independently.

As the simplest case of CNTs, SWCNTSs are widely investigated and usually discussed
in terms of the structure of a graphene sheet [7, 90]. As shown in Figure 2.1 and Figure
2.2, the basis vectors a1 = a(V/3, 0) and a, = a(3/2, 3/2) generate the graphene lattice,
where a = 0.142nm is the carbon-carbon bond length. A and B are the two atoms in the
unit cell of graphene [7, 90]. In cutting the rectangular strip, one defines a
circumferential vector, or known as chirality vector (n, m) where Ch = na; + may, from
which the CNT radius can be obtained: R= Ch/2n =(v/3/2m)avn? + m2 + nm. There
are two special cases showed in Figure 2.2 that deserve special mention [90]. First,
when the circumferential vector lies purely along one of the two basis vectors, the CNT
is said to be of the ‘zigzag’ type. Second, when the circumferential vector is along the
exact direction between the two basis vectors (n = m), the CNT is said to be of
‘armchair’ type. The transport properties of CNTs are closely defined by the chirality
vectors, e.g. ‘armchair’ CNTs (n = m) are metallic while ‘zigzag® CNTs are
semiconducting. If n —m is a multiple of 3, then the CNTSs are semiconducting with a

very small band gap, otherwise the CNTs are moderate semiconductor.



Figure 2.1: Two basis vectors of CNT a: and a generate the graphene lattice where a
is the carbon-carbon bond length. Ch is the chiral vector connecting the center of two

hexagons and it determines the structure of a SWCNT [88].

Figure 2.2: CNT rolled up in three different configurations: armchair, zigzag and
chiral. They differ in chiral angles and diameter. Armchair CNTs are metallic while
zigzag CNTs are semiconducting. Semiconducting CNTs possess an energy band gap
and their electrical properties are similar to the semiconductors. In contrast, metallic
CNTs possess no energy band gap and their electrical properties are similar to the

metals [88].

A SWCNT bundle or network is formed when SWCNTSs are packed together closely.
The individual nanotubes in the network are attracted to each other via VVan der Waals
force, with typical distances between the nanotubes being comparable to the inter
planar distance of graphite which is 3.1A. The cross section of an individual nanotube

is circular if the diameter is less than 15A and it deforms into a hexagon as the diameter



of nanotube gradually increases. On the other hand, a multi-walled carbon nanotube
(MWCNT) consists of several graphene seamless cylinders. As a special type of
MWCNTSs, double-walled carbon nanotube (DWCNT) consist only two cylinders
[111] which offer a good platform for inter-shell effects investigations. Figure 2.3
shows SWCNT and MWCNT atomic structures [16] while Figure 2.4 shows typical

TEM images fora MWCNT and a DWCNT [43].

Figure 2.4: TEM images for MWCNT and DWCNT. (a) The cross-section shows
MWCNT consist of multiples cylinders and (b) DWCNT consist of two cylinders

[43].

2.2 Electronic structure of CNTs

The electronic structure of carbon nanotubes can be understood from graphene

electronics. However, SWCNTSs show unique behaviors such as definite band gap due
7



to quantum confinement in the lateral directions. These properties can be explained

from the graphene energy-momentum relationship shown below.

a
X

C E
Fermi  Ef
energy

=

Fermi EF
energy

semiconducting

Figure 2.5: Rolling up a graphene sheet to form carbon nanotube [87]. (a) showed the
structure of graphene. (b) showed the energy dispersion relation of graphene. (c)
showed two ways to roll up graphene sheet, forming metallic CNTs and

semiconducting CNTSs.

As shown in Figure 2.5, if the graphene sheet is rolled up along the y-direction, the
axis direction Ky cut through the graphene Dirac points and the tube formed shows no
band gap and the carbon nanotubes are metallic nanotubes. On the other hand, if the
graphene sheet is rolled up along the x-direction, the band structure of the nanotube
formed has a unique conic section and shows a bandgap. As a result, we see
semiconducting behaviors. The rolling up direction, in other words, the chirality vector
(n, m) as discussed in part 2.1, determine the band structure of carbon nanotubes and

thus the electronic properties.

In addition to chirality vector, the diameter of nanotube determines the band gap. It is



calculated that the band gap of a CNT could be in the range of 0.5eV ~ 1.5eV with a
right diameter and chirality vector as shown in Figure 2.6 below [91]. Due to the
confinement of the electron and holes, the band gap of semiconducting CNT decreases
with the increase of CNTSs tube diameter. This limits the movement of the electrons

and resulted in quantization of the energy and momentum.

T I

Radius (nm)
Figure 2.6: Calculated band gaps of semiconducting CNTs as a function the CNT
radius. The band gaps of semiconducting CNTs decreases exponentially with the

increase of CNTs tube diameters [91].

2.3  Semiconductor memories

Semiconductor memories which store data have been an essential electronic
component in various machines or computers that require for data processing and
storage. In addition to these, memory card or a portable flash memory card are widely
used in all electronic gadgets such as smartphone, camera, tablet, etc. for storing and
transferring files. Memory are mainly classified into two kinds, i.e. volatile and non-
volatile memory. A volatile memory requires power to maintain the stored data. When
the power is turn off, all data stored will be lost. While for non-volatile memory, the
memory can retain the data stored even when the power is turn off. The data stored
remained in the memory for a considerably long period of time. Example for volatile
memory are random access memory (RAM) such as dynamic RAM (DRAM) and static

9



RAM (SRAM). Both RAM are fast in processing data typically used as computer cache
memory. Example for non-volatile memory includes read-only memory (ROM),
PROM, EPROM, EEPROM and flash memory. Emerging new memory technology
like resistive RAM (RRAM), phase change memory (PCM/PRAM), magnetoresistive
RAM (MRAM), ferroelectric RAM (FeRAM) and nano-RAM (NRAM) are also
considered as non-volatile memory as they able to maintain its stored data even when
the power is turn off. These memories typically store one bit, either a ‘1’ or ‘0’ in a

memory cell or a bi-stable flip-flop.

2.3.1 Volatile memory — SRAM and DRAM

SRAM is constructed using the complementary metal oxide semiconductor (CMOS)
technology. It uses 6 transistors for each memory cell. The transistors are arranged in
such that two cross-coupled inverters are formed. They store data like flip-flops with
the other 2 transistors used as access control. SRAM process data very fast and it
consume much lower power. SRAM can hold the data as long as the power is turn on

and will lose it when the power is turn off [1].

4 transistors are used for generating the logic states which are T1, T2, T3 and T4 as
shown in Figure 2.7 [1]. These 4 transistors are assembled in a cross-connected method.
To generate logic state ‘1, C1 is set to high and C2 is set to low. T1 and T4 will turn
off while T2 and T3 will turn on. For reset the logic state to ‘0, C1 is set low and C2
is set to high. In this state, T1 and T4 will turn on while T2 and T3 will turn off. This

memory cells will function as long as the DC voltage is supplied.
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Figure 2.7: A SRAM cell consist of 6 transistors. T1, T3 and T2, T4 formed two
cross-coupled inverters which store data like flip-flops. T5 and T6 controlled the

access to these two inverters [1].

DRAM is another type of RAM. It constructed with a transistor and a capacitor for a
single memory cell. The capacitor is used to store charges which translate as the data.
A charged capacitor indicates a stored ‘1’ while a discharged capacitor indicates a store
‘0’. As capacitor will gradually losses its charges over time even when the power is
turn on, a refresh is required for DRAM to constantly refresh the capacitor. Hence, the
power required for DRAM is higher than the SRAM. While DRAM requires more
power due to constant refresh, DRAM is used for larger memory storage as it is cheaper
compared with SRAM because it consists of only one transistor for one memory cell
compared with SRAM which used 6 transistors. To read or write in DRAM, the address
line is activated. The transistor in the memory cell acts as a switch. When it is closed,
the current is flowing through and when it is open, no current can flow through. To
perform a write, a voltage is sent to bit line, high voltage as ‘1’ and low voltage as ‘0’.
Another voltage is sent to address line to enable the transferring of the charge to the

capacitor. To perform aread, capacitor is discharged by the cells and then restored back

11



to complete the operation. Figure 2.8 shows a simplified single DRAM cell [1].

Addressline

[

Transistor

Storage =——tee
Capacitor

Bitline Ground

Dynamic RAM (DRAM) Cell

Figure 2.8: A DRAM cell consists of one transistor and one capacitor. The transistor
in the memory cell acts as a switch while the capacitor store charges which translate

as the data (charged capacitor as ‘1’ and discharged capacitor as ‘0’) [1].

Table 2.1 shows the comparison between SRAM and DRAM in various factors.

v | oraw
ﬁ Faster speed Slower speed
No refresh required Refresh required
Complex circuit Simple circuit
Faster access time Slower access time
Uses flip-flops Use a transistor and capacitor
m Low density High density

Cost Expensive cheap

Table 2.1 shows comparison between SRAM and DRAM [1].

2.3.2 Non-volatile memory — ROM

ROM or read-only memory as the name indicates, generally refer to storage medium

12



that can only be read. The information stored in ROM is permanently during
manufacture such as firmware in computer or electronic gadgets. There are other types
of ROM such programmable ROM (PROM), erasable and programmable ROM
(EPROM) and electrically erasable and programmable ROM (EEPROM). PROM is
memory that can only be modified once by the user. The user purchases a blank PROM
and can program the PROM once. Once it is programmed, it cannot be erased. EPROM
can be erased by exposing it under ultra-violet light for a certain duration. EEPROM
can be erased and programed electrically. Another type of memory which is flash
memory is also a non-volatile memory has been widely used in daily life machines and
electronic gadgets. A flash memory incorporates the use of floating gate transistor, or
floating gate MOSFET to store data. Flash memory works by charging or discharging
electron into the floating gate. The memory can be ‘1’ or ‘0’ depending on whether the
floating is charged or uncharged. When electrons are trapped in the floating gate,
current cannot flow through the transistor and the bit state is ‘0’. When the electrons
are released from the floating gate, the current is allowed to flow through and thus the
bit state is ‘1°. Flash memory can be classified into two kinds, the NAND and NOR
logic gates. NAND-type flash memory can be erased, written and read in blocks. While
NOR-type flash memory can configure each single byte independently. The NAND-
type flash memory is mostly used for memory cards, USB flash drive etc. for storage
and transfer of data. Figure 2.9 shows a simplified floating gate transistor structure

[108].
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Figure 2.9: The structure of a typical floating gate transistor. Electrons with sufficient
energy tunneled through the tunnel oxide and trapped in the floating gate when a
positive voltage applied on control gate. The oxide layers surrounded the floating
gate keep the electrons trapped inside floating gate, enabled data storage with or

without power. [108].

2.3.3 Non-volatile memory — New emerging memory

Besides those mentioned memories, several new emerging memories have been
researched and studied to potentially replace current memory technology which are
mainly dominated by flash memory. Among those new emerging memories, there are
resistive RAM (RRAM), phase change memory (PCM/PRAM), magnetoresistive

RAM (MRAM), nano-RAM (NRAM) and ferroelectric RAM (FERAM).

RRAM is constructed by sandwiching a resistive switching layer such as metal oxide
between two electrodes. By applying a voltage across the two electrodes, a conductive
path can be formed by electrochemical metallization mechanism or oxygen vacancy
mechanism in the oxide layer. This creates a low resistance state (LRS) and it can
maintain its resistance for a substantial period of time. By applying another voltage,
the conductive path can be annihilated and the oxide layer returns to high resistance

state (HRS). RRAM switching operation can classified into two behavior, i.e. unipolar

14



and bipolar. For unipolar switching operation, the switching procedure does not depend
on the polarity of the applied voltage. The set and reset operation can both occurred on
positive voltage or negative voltage. For bipolar switching operation, when the device
set to LRS at one voltage polarity, the reset process to HRS have to occur at the
opposite voltage polarity. Figure 2.10 shows the switching operation of RRAM for
unipolar and bipolar [6]. Figure 2.11 shows the RRAM cross point structure and its
cross-section view [124].

A RESET
Current LRS

A
b Current cc

cC

SET

HRS
Voltage HR

S Voltage

LRS

RESET

Figure 2.10: Switching operation of RRAM. (a) I-V characteristic for unipolar. Set
and reset occurred in the same polarity. (b) I-V characteristic for bipolar. Set and

reset occurred in the opposite polarity [6].

Metallic Top Electrode

Figure 2.11: RRAM cross point structure and cross section view. Two electrodes
sandwiched a switching medium in between. A conductive path is formed in the

switching medium when a sufficient voltage is applied [124].
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Phase change memory (PCM) typically consisted of chalcogenide glass as phase
change material, can be utilized to achieve a memory functionality. Traditionally for
PCM mechanism, a current flow through the phase change material produces heat. The
heat is able to alter the phase change material from non-crystalline or amorphous to
crystalline state and vice versa. By changing the crystallization, the device can achieve
HRS when in amorphous state or LRS when in crystalline state. New researches on
PCM based memories are concentrated on the use of GeTe-Sh>Tes superlattice to create
a non-thermal phase change memory by simply changing the coordination state of the

Ge atoms with a laser pulse. Figure 2.12 shows a typical PCM structure [33].

Electrode
T ————

(CL)

TiN

Electrode

Figure 2.12: A typical PCM structure consists of two electrodes sandwiched a phase
change material e.g. GeSbTe (GST) in between. When a voltage is applied, the

localized area heated, and its crystallinity can be altered [33].

Unlike conventional RAM like RRAM and PCM, MRAM does not stored data as
electron or current flows but by magnetic storage elements. MRAM consisted of 2
ferromagnetic plates, isolated each other by an insulating layer. One of the
ferromagnetic plates is a permanent magnet which set to a designed polarity, while the
other plate magnetization can be changed to alter its polarity. When the two plates are
in same magnetization polarity, it becomes LRS or a ‘1’. On the other hands, if the
polarity is anti-parallel, it becomes HRS or a ‘0’. Figure 2.13 shows a simplified

MRAM structure [2].
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Figure 2.13: A simplified MRAM structure consists of two ferromagnetic electrodes
and an insulating layer. The polarity of one of the ferromagnetic electrodes can be
manipulated to form parallel or anti-parallel magnetization polarity with the other

permanent ferromagnetic electrode [2].

NRAM is a new type of memory created by Nantero company. NRAM uses the
mechanical properties of CNTSs to create bi-stable devices for memories function. The
CNTs network is sandwiched between two electrodes. Detailed explanation on NRAM
working principle will be discussed in later section. Figure 2.14 shows the first

publication on NRAM [109].

Figure 2.14: The structure of an NRAM array. When a voltage is applied across the
top and bottom CNTs, the two CNTs attracted to each other and the resistance

between the two CNTs is reduced [109].

FeRAM is similar to construction of floating gate transistor of DRAM, but the

dielectric layer is replaced with a ferroelectric layer for memory functionality. When
17



an electric field is applied across the ferroelectric, the dipoles will tend to align
themselves with the field direction. The dipoles retained its polarity even when the
electric field is removed. Binary state of ‘1’ and ‘0’ can be stored in the two
polarization, either ‘up’ or ‘down’ orientation of the dipoles. Figure 2.15 shows the

simplified version of FeERAM structure [57].

_B

Ferroelectric

Figure 2.15: A simplified FeRAM structure. Dipole of ferroelectric layer aligned

themselves with the electric field direction applied to form binary state of ‘1’ and ‘0’

[57].

2.3.4 Comparison between different type of memories

Table 2.2 compares various types of memories in different aspects. Flash NAND
memories which are dominating the current market have several advantages over the
others such as very small in the cell size which lead to a higher density, and a very low
cost. However, they are suffered from a few disadvantages, like low endurance only in
arange of 10°, slow writing speed and much higher power consumption compared with
the others new emerging memory technologies. Most of the new emerging memories
have showed their advantages over the flash NAND memories in endurance, writing
speed and power consumption, which make these memory technologies very attracting.
However, there are still several issues that need to be solved for these new emerging

memory technologies. These issues including compatibility of fabrication process to
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the mainstream CMOS fabrication technology and one of the most important things is
the production cost for the memories. As the new emerging memories require some
new fabrication processes, it is essentially important to carefully study the new

processes fitting into the current CMOS fabrication process [17].

Type of Memories

Emerging 1I'\Ilemories Establishm: Memories
T \
YES YES YES No YES

Medium
(10%)

2012 latest
technological node 130nm 130nm R&D 45nm 30nm 20nm Pr0b|ems

produced (nm)
y

Nonvolatile YES

Endurance High (10%2) High (10%5) Medium (108) High (10%) Low (10°)

Cell Size (cell size in Large/Medium Medium Medium /;/
L 15-20] Small (6-10 Vi Il (4 //
F2) 1 ([, (6-40) (6-12) (6-12) alllegty erysmall(4) — /;
//
i Medium . Medium Medium : /
Write speed {100ns) High {10ns) (75ns) (75ns) High (10ns) Low (10000ns) //
Power Consumption Low High/Low Low Low Low Very high
High High ($100- Medium Very low
CesllEl) (510000/Gb)  1000/Gb) RED (few /by oW (S1/Gb) ($0.1/Gb)

Table 2.2: Comparison between different types of memories in different aspects [17].

2.4 CNT based memories

CNTs have been investigated and researched in various applications, such as
transistors, memories, energy storages, sensors, solar cells and etc [154]. Among these
applications, CNTs based memories have drawn a lot of research attention. CNTs based
memories possesses a great advantage over traditional silicon based memories due to
their smaller size and also their superior electrical, thermal and mechanical properties.
CNTs based memories can potentially offer higher memory unit density as CNTs is in
the range of few nanometers. This allows more data stored per unit space as compared
with silicon-based memories. With their smaller active areas, CNTs based memories
have lower power consumption compared with silicon based memories. CNTs based

memories also show good stability in maintaining theirs on and off state in the
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nanometer size and the bi-stable states showed non-volatile properties. Moreover,
CNTSs’ excellence in resistance to radiation, magnetism as well as electromigration
proved its advantages over silicon-based memories in degradation. CNTs based
memories can be mainly sort into 3 main types. First type of CNTs based memories
utilize semiconducting CNTs as channel in floating gate transistor to function as a
memory device. Second type of CNTs based memories use CNTs network as the
resistive switching medium to create a bi-stable memory device. Finally, the last type
of CNT based memories are similar in construction to conventional RRAM but utilized
CNTs as electrodes instead of metal electrodes with a resistive switching material

sandwiched in between the two CNTSs electrodes to form a memory cell.

2.4.1 CNTFET based memories

Similar to conventional silicon-based memories, CNTFET based memories use CNT
transistors as their basic building block. By applying a gate voltage, charge transferred
from CNT channels to the oxide layer and trap inside. The trapped positive (negative)
charges cause the local electric potential increase (decrease). The local electric
potential increase has a distinct impact on the CNT channel conductance in comparison
with the local electric potential decrease, leading to the memory effect. To release the
charges, an opposite polarity voltage is applied to the gate. Figure 2.16(a) shows the
flat band condition without considering the voltage drops within the dielectric. Figure
2.16(b) and (c) show the band profile of electrons tunnel from the conduction band and
the valence band of CNT to the defect state in HfO> respectively when writing with a
positive gate voltage. Figure 2.16(d) shows the band profile with the stored electrons
removed from the HfO, by applying a negative gate voltage. The band bending induced
by the gate operation in Figure 2.16(b), (c) and (d) is omitted for simplicity, and the

energy band diagram is not in exact scale [106].
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Figure 2.16: Schematic energy band diagram for a Si/SiO2/HfO2/CNT/HfO. gate
stack. (a) The flat band condition without considering the voltage drops within the
HfO> layer. (b) The band diagram of the device shown in (a). Electrons tunnel from

the conduction band of the CNTs into the HfO> layer and (c) the valence band of the
CNTs is aligned to the defect states in the HfO, when applying a positive gate
voltage. (d) The band diagram when the stored electrons removed from the HfO>
layer by applying a negative gate voltage. The band bending induced by the gate

operation in (b), (c) and (d) is neglected for simplicity [106].

CNTFET memory is fabricated by first depositing and patterning of a back-gate on a
substrate or using a substrate itself as a back gate. Then followed by gate dielectric
deposition and patterning on top of the back gate. After that, CNTs are deposited on
the gate dielectric followed by formation of the source and drain. Finally, another layer
of oxide thin film is deposited as a passivation layer. Figure 2.17 shows schematic

view of a CNTFET memory with the bottom gate [38].
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Figure 2.17: Schematic cross-section view of a CNTFET memory with bottom gate.
For p-type transistor, the layers on top of CNTSs consist of the p-type dopant, an ALD
seeding layer and a final encapsulation layer of Al>Os. For the n-type transistor, the

top layers consist of n-type dopant and the final encapsulation layer of Al,O3 [38].

CNTFET memories typically show a moderate endurance performance of 10%. The
on/off ratio for CNTFET memory is reasonably high at 3000. The threshold voltage
for CNTFET memories is typically at 1.25V. Figure 2.18 shows a typical CNTFET

memory characteristic [106].
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Figure 2.18: CNTFET memories characteristic. The device has a hysteresis window
of 3.2V, subthreshold of 120mV/dec and an on/off ratio at around 10°. The arrows
indicate the backgate scan direction within the loop. The inset shows the 1-V curve in

the off state [106].
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2.4.2 Nano-RAM (NRAM)

A NRAM makes use of the mechanical properties of CNTs to create bi-stable states
for memory functions. A NRAM is fabricated by depositing the bottom electrode,
followed by CNTs network deposition and finally top electrode deposition and
patterning. When CNTSs in the network are not in contact, the resistance between the
two electrodes is high which represents an ‘off” or ‘0’ state. When the CNTs are
brought into contact, the resistance is low which represents an ‘on’ or ‘1’ state. To
switch between these two states, a voltage greater than the read voltage is applied
between the two electrodes. If the NRAM is in ‘0’ state, the voltage applied will cause
electrostatic attraction between the CNTSs so that the CNTs can come in contact with
each other. After the applied voltage is removed, the device remains in a ‘1’ or low
resistance state due to physical adhesion by Van der Waals force. If the NRAM is in
the ‘1’ state, by applying a voltage greater than the read voltage, it generates CNT
phonon with sufficient energy to separate the CNT junctions. Thus, the RESET
operation is phonon driven. These two states are very stable and sustain even after
power off. Figure 2.19 shows how CNTSs perform the on and off states [109] and Figure

2.20 shows a simplified NRAM and its cross-section view [29].
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Figure 2.19: CNTSs contact for on and off states [109].
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Figure 2.20: A simplified NRAM structure with a select transistor and cross-section

CNT NRAMSs have a high endurance at 102 due to very stable of on and off state. The
On/off ratio for NRAM however is relatively low at 10 — 100 due to the compensation
for lower set and reset voltage. Set and reset voltage are at around -2V / +3V

respectively. Figure 2.21 shows a typical memory characteristics and endurance

| NRAM CELL |

NRAM Cross-Section

view of the memory in SEM [29].

performance for an NRAM [93].

Current (A)

Figure 2.21: NRAM I-V characteristics with different set compliance currents and

endurance performance for an NRAM with HRS greater than 1.25MQ while LRS

Figure 2.22 shows the SEM images of the cross-section view for an NRAM which is
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integrated into CMOS back-end metal process [107].
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Figure 2.22: SEM images of cross section view for an NRAM [107].

2.4.3 CNT based RRAM

RRAM technology is one of the most promising non-volatile memory technologies
and it has been researched extensively. RRAM has attracted a lot of attention as it
shows good cycling endurance (> 102 switching cycles), high read/write speed (tens
of nanoseconds), long retention time (> 10 years), simple fabrication process and good
scaling behavior [7]-[10]. One of the most notable advantages of RRAM over the other
emerging memories is its simple metal-insulator-metal (MIM) structure to form a
memory cell. Conventionally, metal such as gold (Au), platinum (Pt), aluminum (Al),
palladium (Pd) and tungsten (W) were used as the metal electrodes for RRAM devices.
However, as the devices shrink down to nanometer sizes, metals exhibit high resistance
and are greatly prone to electromigration. In contrast, SWCNTSs are of extremely thin
diameters in few nm ranges and SWCNTSs has excellent thermal, mechanical and
electrical properties. SWCNTSs exceptional properties provide them a great resistance
against electromigration which suffered by metal electrode RRAM. A CNT based
RRAM is similar to a conventional RRAM in which a resistive switching layer is
sandwiched between two metal electrodes to form a RRAM device. In CNT based
RRAM, CNTs are used as the two electrodes with a resistive switching material in

between the two CNT electrodes. The basic working principle of RRAM is that the
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resistive switching material (or dielectric), which is normally insulating, can be made
to conductive state through a conductive path formed after a sufficient high electric
field is applied. The conduction path can arise from different mechanisms, including
oxygen vacancies or metal defect migration [27, 86]. Once the conduction path is
formed, it may be reset (broken, resulting in high resistance state) or set (re-formed,
resulting in low resistance state) by another applied electric field. Many current paths,
rather than a single path, are possibly involved. Figure 2.23 shows a carbon nanotube

crossbar electrodes-based RRAM [122].

Figure 2.23: Carbon nanotube crossbar electrodes-based RRAM with Al;O3 as

resistive switching layer [122].

A CNTs based RRAM is fabricated by first transferring the bottom CNTs to a
substrate. Then the bottom contacts are formed followed by resistive switching
material deposition. Next, top CNTs are transferred onto the switching material and
top contacts are formed to complete the RRAM device. Figure 2.24 shows a SEM

image of a CNTs based RRAM [122].
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Figure 2.24: A SEM image of a CNT based RRAM [122].

CNT based RRAMSs show a moderate endurance performance of 10*. They have a high
on/off ratio around 4000 due to large resistance difference between high resistance
state and low resistance state. However, CNT based RRAMs require higher set and
reset voltages at +8V / -8V, respectively as they need a higher electric field to break
and form the conduction filaments. Figure 2.25 shows the typical memory
characteristics curves for CNT based RRAM [122]. Figure 2.26 shows the memory
structure and I-V characteristic for the RRAM device with aligned CNTs as bottom

electrode [133].
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Figure 2.25: CNT based RRAM memory characteristics for metallic and
semiconducting CNTs. Arrows indicate the voltage sweeping direction from set to

reset [122].
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Figure 2.26: Memory structure and I-V characteristic for the RRAM device with

aligned CNTs as bottom electrode [133].

2.4.4 RRAM resistive switching mechanism

There are several resistive switching mechanisms for RRAMSs. The most prevalent
mechanisms are the oxygen vacancy mechanism and the electrochemical metallization

mechanism.

2.4.4.1 Oxygen vacancy mechanism

When the voltage is applied through the two electrodes reaches a critical value that is
sufficient to create oxygen vacancy, oxygen ions moved towards electrodes and the
interstitial positions, hence, form a conductive path. This leads to a sharp decrease in
the resistance of the resistive switching materials and the devices change from their
initial HRS to a LRS. By applying another voltage depending on unipolar or bipolar
characteristic, oxygen ions move back to fill up partial interstitial positions left by the
oxygen ions, annihilating the conductive path and turning the devices back to their

HRS. Figure 2.27 illustrates the resistive switching mechanism in different states [86].
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Figure 2.27: Schematic illustration for resistive switching mechanism in bipolar
oxide-based memory. Schematic illustration (a) during forming/set process and (b)

during reset process. Schematic view (c) in LRS and (d) in HRS [86].

2.4.4.2 Electrochemical metallization mechanism

For electrochemical metallization mechanism, the conductive path is formed by redox
reactions in the oxide layer, which is especially sandwiched between an oxidizable
electrode (Ag or Cu) and an inert electrode (Pt or W). When a voltage is applied on the
oxidizable electrode, electrochemical reaction occurs in which the metal atoms are
oxidized into metal ions which could drift into the oxide layer toward the inert
electrode under the electrical field. This results in a conductive path formed between
the two electrodes, leading to the LRS. By changing the polarity of the voltage, the
process is reversed and the conductive path can be ruptured, making the device
returning to the HRS. Figure 2.28 shows the schematic illustration of electrochemical

metallization mechanism [27].
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Figure 2.28: Schematic illustration of electrochemical metallization mechanism.
When a voltage applied to the top Cu electrode, the Cu metal ions drift into the oxide
layer and form a conductive path. When a reversed polarity voltage applied to the top

Cu electrode, partial of the Cu metal ions drift back and the device return back to

HRS [27].

2.4.5 Comparison between different CNTs based memories

Table 2.3 compares several CNTs based memories, i.e. CNTFET memories, NRAMs
and CNTs based RRAMs. In general, CNTFET memories and CNTs based RRAMs
are able to achieve a higher on/off ratio as compared with NRAMs. While NRAMs
show their advantage in a high endurance in comparison with CNTFET memories and
CNTs based RRAMSs. This means that NRAMs are able to perform much more
switching cycles. CNTFET memories and NRAMSs require a much lower operating
voltage in the range of 1V to 3V, while CNTs based RRAMS require a much higher
operating voltage due to inherent internal resistance. CNTFET memories and NRAMs
can be integrated into CMOS process but CNTs based RRAMs still in the research
stage. NRAMs and CNTs based RRAMs have showed their potentials to stack the
memory devices in 3D structure which can further improve the packing density in
vertical stacks. Although CNTs based RRAMs still have some issues to be resolved,

they are demonstrated with significant advantages over the other two types of CNT
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based memories.

CNTFET CNT as
memory electrode

On/off ratio ~3000 ~100 ~4000
endurance 10* 10%? 10*
0] ti

Sl 1.25V 2V/+3V +8/-8V
voltage
Integration into os os no
CMOS process y ¥
3D structure no yes yes

Table 2.3: A comparison between several CNTs based memories in different aspects.

31



Chapter 3 CNTs Synthesis and CNT RRAM Fabrication

In this chapter, the processes for growing random network CNTs as well as aligned
CNTs will be explained. CNT suspension and CNTSs transfer process will also be

discussed in detail.

Subsequently, RRAM device fabrication will be discussed including metal electrode
RRAM devices, random network CNTs electrode RRAM devices, Metal-CNT

electrode RRAM devices and CNT-CNT electrode RRAM devices.

3.1 Substrate preparation for random network CNT
growth
Before random network CNT growth, the silicon substrates were clean and surface
treatment was performed to make the substrate surface hydrophilic. First, the blank
substrates were immersed in the acetone solution and ultrasonic for 10 minutes. After
that the substrates were immersed in the isopropyl alcohol (IPA) solution and ultrasonic
for another 10 minutes. Next, clean the substrates with deionized water (DI water) and
dry them. Piranha solution consists of sulfuric acid (H2SO4) and hydrogen peroxide
and (H202) with 3:1 ratio was prepared and heated up to 120°C. When the temperature
reached 120°C, the cleaned substrates were immersed in the piranha solution for 20
minutes for surface treatment. After 20 minutes, the substrates were removed from the
solution and cleaned with DI water and then blow dry. Finally, ferritin catalyst was

spin coated onto the substrates with 4000 rpm spinning speed until no color change.

32



3.2 Growth of random network CNTs

Random network CNTs were grown using the thermal chemical vapor deposition
(TCVD) method. Figure 3.1 shows the SEM images of two random network CNTs

prepared with the following procedures.

First, the substrates coated with ferritin catalyst were inserted into a quartz tube and
heated up to 800°C in the air and maintained for 1 minute. After that, the samples were
cooled down to around 200°C. The quartz tube was then enclosed and argon gas of 200
sccm flow rate was turned on for 1 minute to eliminate the air inside the quartz tube.
After 1 minute, argon gas was turned off and hydrogen gas of 100 sccm flow rate was
turned on and start to heat up to 925°C and then maintained for 5 minutes. Next, the
hydrogen gas flow rate was changed to 30 sccm and argon gas of 50 sccm was turned
on by flowing through a bubbler filled with ethanol for 15 minutes. After 15 minutes,
the heater and bubbler were turned off and let the quartz tube and the samples inside

cooled down to room temperature before taken out.

Figure 3.1: The SEM images of random network CNTs. Random network CNTs

under (a) x20000 magnification and (b) x5000 magnification in SEM.
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3.3 Substrate preparation for Aligned CNT growth

Before aligned CNT growth, the quartz substrates were cleaned and prepared as the
following procedures. The quartz substrates were first cleaned by immersing in the
acetone solution and ultrasonic for 10 minutes. Then, the quartz substrates were
immersed in the IPA solution and ultrasonic for another 10 minutes. The quartz
substrates were then cleaned with DI water and blew dry. Next, the quartz substrates
were annealed in the air at 925°C for 8 hours. After annealing process, lithography
process was performed to create the line patterns on the quartz substrates. O, plasma
was applied on the quartz substrates for 1 minute to create hydrophilic surface and
remove remaining photoresist on the exposed area. The quartz substrates were then
immersed in the APTES solution with a ratio of 0.4ml APTES to 100ml DI water and
left overnight. On the next day, the quartz substrates were removed from the solution
and cleaned with DI water and blow dry. Ferritin catalyst was then drop cast onto the
quartz substrates and left them for 3 hours. Afterwards, the quartz substrates were
washed with DI water and blew dry and then immersed in the IPA solution for 10
minutes to clean the catalyst on top of photoresist pattern. After 10 minutes, the quartz
substrates were washed with acetone solution followed IPA solution and finally DI

water rinse.

3.4 Growth of aligned CNTSs

Aligned CNTSs were grown using thermal chemical vapor deposition (TCVD) method.
Figure 3.2 shows the SEM images of aligned CNTs prepared using the following
procedures. The quartz substrates coated with patterned ferritin catalyst were inserted
into quartz tube and heated up to 800°C in the air and maintained for 5 minutes. It was

important to take note that the gas flow direction must be perpendicular to the patterned
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line on the quartz substrates for successful growth of highly horizontal aligned CNTs.
After 5 minutes, the quartz samples were cooled down to around 200°C. Next, quartz
tube was enclosed and argon gas of 200 sccm flow rate was turned on for 1 minute to
eliminate the air inside the quartz tube. Subsequently, argon gas was turned off and
hydrogen gas of 100 sccm flow rate was turned on and the quartz samples inside the
quartz tube are heated up to 925°C and maintained for 3 minutes. After maintaining
for 3 minutes at 925°C, hydrogen gas flow rate was changed to 30 sccm and argon gas
of 50 sccm flow rate was turned on by flowing through a bubbler filled with ethanol
for 40 minutes to 1 hour. After process finished, the heater and bubbler were turned off
and the quartz samples were cooled down to room temperature before taken out from

the quartz tube.

SED 1.5kV. WD11immP
Sample

Figure 3.2: The SEM images of aligned CNTs. Aligned CNTs under (a) x200

magnification and (b) x800 magnification in SEM.

3.5 Preparation of CNT suspension

CNT can be delivered using costing CNT suspension. First, sodium dodecyl sulphate
(SDS) surfactants 1%wt with DI water was prepared. SWCNTs powder was then
mixed into SDS surfactants and tip-sonication for 1 hour. Blank substrates were clean
by immersed into the acetone solution and ultrasonic for 10 minutes followed by IPA

solution and ultrasonic for another 10 minutes. Then, the substrates were treated with
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piranha solution for 20 minutes to make the surface hydrophilic. APTES solution with
ratio of 1:10 to IPA solution was prepared. After piranha solution treatment, the
substrates were cleaned with DI water and immersed into the APTES solution for 1-2
hours. Next, the substrates were removed from the APTES solution and cleaned with
IPA solution and blew dry. This was followed by immersing the substrates into the
CNTs suspension prepared for 1-2 hours. Lastly, the samples with CNTs suspension
were removed from the solution and cleaned gently with DI water and blew dry. Figure
3.3 shows the SEM image of the CNT network prepared using CNT suspension and

the Raman spectrum of the CNT network proved that SWCNTSs are deposited on the

substrate.
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Figure 3.3: The SEM image of CNTs network deposited using the CNT suspension

and the Raman spectral of the SWCNTSs network deposited.

3.6 CNT transfer process

To make the top CNT electrode of CNTs based RRAM devices, we need to transfer
the CNTSs to the top of the resistive switching layer. The procedures were started by
first spin coat PMMA onto the samples with TCVD grown CNTs or CNTs suspension.
The samples with PMMA were then baked for 1 minutes on a hotplate of 105°C.
Afterwards, the PMMA on the four sides of the samples were cleaned for better transfer

of CNTs. Potassium hydroxide (KOH) solution with ratio of 5.6g KOH to 100 ml DI
36



water was prepared and the samples were immersed into the KOH solution for several
hours to etch away the SiO2 underneath the CNTs network to separate the CNTSs
network from the substrate. The PMMA layer with the CNTs network will be lifted off
and then it was transferred to the desired sample. The samples with PMMA were dried
in the air until no water drops were seen in between the PMMA layer and the substrate.
The samples were then heated up to 80°C and increased the temperature by 10°C for
every 2 minutes until 160°C for better adhesion of the CNTs network to the substrate.
The samples stayed at 160°C for 10 minutes and then decreased the temperature by
10°C for every 2 minutes until 80°C and cooled down to room temperature. The
PMMA layer was then removed by acetone solution and the CNTs network were
transferred to the new substrate. Figure 3.4 shows the SEM images of the transferred

top CNTs on top of bottom CNTs and contacts separated by resistive switching layer.

Bottom CNTs

electrode with

Transferred top CNTs
contact pad

SED 1.5kV WD13mmP.C.50
Sample

Figure 3.4: The transferred top CNTs on the samples with the bottom CNTs and

contacts.

3.7 Fabrication of metal electrode RRAM devices

Metal electrode RRAM were fabricated and tested for better understanding of the
conduction path formation in the resistive switching layer and a better comparison with
CNTs electrode RRAMs. In these experiments, titanium/gold electrodes were used as

the metal electrodes. The metal electrodes fabricated were 10um width and the active
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area was 10um x 10um. 10nm and 15nm thick Al.Os layers were deposited using e-
beam evaporation and ALD techniques as the resistive switching material to study the
effects of the layer deposition condition and thickness on conduction path formation.
First, photoresist was spin coated onto the blank SiO./Si samples for patterning the
bottom metal electrode. Next, lithography was performed to create the photoresist
openings. Titanium/gold electrode was deposited onto the samples with the photoresist
openings using e-beam evaporation. The metal deposited on top of photoresist was
removed by lift-off process. Another photoresist was spin coated onto the samples for
bottom metal contact pad. Lithography was performed to create the contact pad pattern
for e-beam evaporation deposition of titanium/gold. Titanium/gold was then deposited
using e-beam evaporation and followed by lift-off process to remove the metal
deposited on top of photoresist. After the completion of bottom electrode, a thin layer
of aluminum oxide (Al203) which used as the resistive switching layer was deposited
using atomic layer deposition (ALD). The ALD used Trimethylaluminum (TMA)
precursor as the source together with water pulse for Al.Oz deposition. One cycle of
TMA precursor pulse and water pulse was approximately equal to 1A. After resistive
switching layer deposition, bottom electrode formation was done by first spin coated
the photoresist and followed by lithography process to create the electrode patterning
for e-beam evaporation deposition of titanium/gold. Titanium/gold was then deposited
on the samples using e-beam evaporation and the metal deposited on top of photoresist
was removed by lift-off process. Finally, photoresist spin coat and lithography process
were performed for top metal contact pad. This was followed by top metal electrode
titanium/gold deposition using e-beam evaporation and unwanted metal deposited was
removed by lift-off process. Figure 3.5 shows the optical images and cross section for

metal electrode RRAM.
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Figure 3.5: The optical images and cross section for single crossbar metal electrode
RRAM (10um electrode width) and 5x5 array metal electrode RRAM (10um

electrode width).

3.8 Fabrication of metal-CNT electrode RRAM devices

In this work, aligned CNTs were used as the bottom electrode and metal electrode was
used as the top electrode for RRAMSs. The fabrication processes were started with
photoresist spin coating for bottom metal contact pad on quartz samples with TCVD
grown aligned CNTs. Lithography was then performed to create the photoresist
openings and titanium/gold contact was deposited using e-beam evaporation. Lift-off
process was performed to remove the metal on top of photoresist. Next, palladium was
deposited as a mask for bottom CNTs etching using e-beam evaporation. Lithography
was performed to create the electrode pattern for palladium etching. Palladium etchant
was then used to etch away unwanted palladium. The samples were then proceeded to
O2 plasma etching to remove CNTSs outside of the electrode. After that, a thin layer of
Al>,O3 was deposited using ALD system as the resistive switching layer. Lithography
was then performed to create the top metal electrode and contact pad after spin coated
photoresist on the samples. Titanium/gold was then deposited using e-beam
evaporation and the processes were finished with the lift-off process to remove metal
on top of the photoresist. Figure 3.6 shows the SEM images of bottom CNT electrode.
Optical image and cross section for metal-CNT electrode RRAM are shown in Figure

3.7.
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Figure 3.6: The SEM images for bottom aligned CNTs electrode. The aligned CNTs
electrode is formed by deposited the metal contact pad onto the aligned CNTs and
then followed by the O, plasma to etch away unwanted CNTSs outside of the

electrode.
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Figure 3.7: The optical image and cross section for metal-CNT electrode
RRAM devices.

3.9 Fabrication of random network CNTs electrode
RRAM devices

In this work, random network CNTs were used as the electrodes for RRAM. Different
widths of CNTs electrodes including 10um, 15um and 100um were fabricated and
tested. 10nm and 15nm thick Al2Os films were deposited as the resistive switching
material using E-beam evaporation and ALD deposition. The procedures were started
by first spin coated the photoresist on top of SiO2/Si substrates with TCVD grown
CNTs network or CNTSs suspension. Lithography was the performed to create the
photoresist openings for metal contact pad. Subsequently, titanium/gold contact were

deposited using e-beam evaporation and followed by lift-off process to remove
40



unwanted metal on top of the photoresist. Next, palladium was deposited as a mask for
bottom CNTSs etching using e-beam evaporation. Lithography was performed to create
the electrode pattern for palladium etching. Palladium was etched using palladium
etchant to form the mask for CNTSs etching. O2 plasma was then used to etch away
unwanted CNTSs outside of the electrode area and remaining photoresist and palladium
were removed. After that, a thin layer of Al.O3 was deposited as the resistive switching
layer using ALD system. Top CNTs was transferred to the samples and photoresist
was spin coated onto the samples for top metal contact pad lithography. Lithography
was then performed to create the photoresist openings followed by titanium/gold
contact deposition using e-beam evaporation and lift-off process was done to remove
unwanted metal on top of the photoresist. Palladium again was deposited as a mask for
top CNTSs etching using e-beam evaporation. Lithography was performed to create the
electrode pattern for palladium etching. Palladium was then etched using palladium
etchant to create a mask for CNTSs etching. Oz plasma was done to etch away unwanted
CNTs and finally remaining photoresist and palladium were removed. Figure 3.8

shows the optical images and cross section of a random network CNT electrode

RRAM.
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Figure 3.8: The optical image and cross section for CNT electrode RRAM (10um

electrode width).
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3.10 Fabrication of CNT-CNT electrode RRAM devices

In this work, aligned network CNTs were used as the electrodes for RRAMs. E-beam
evaporation and ALD deposition of thin Al2Os films were fabricated for testing as well.
10nm and 15nm thick Al.Oz films were deposited as the resistive switching material.
First, photoresist was spin coated onto the quartz samples with TCVD grown aligned
CNTs. Lithography was then performed to create the photoresist openings.
Titanium/gold was deposited using e-beam deposition and followed by lift-off process
to remove the metal on top of the photoresist. Then, palladium was deposited as a mask
for bottom CNTSs etching using e-beam evaporation and lithography was performed to
create the electrode pattern for palladium etching. Palladium was etched with
palladium etchant and O> plasma was performed to etch away unwanted CNTs. After
photoresist and palladium removal, a thin layer of AloO3 was deposited using ALD
system. Next, top CNTs was transferred to the samples. Lithography was performed
after spin coated photoresist for top metal contact pad. Titanium/gold was then
deposited using e-beam evaporation and the metal on top of photoresist was removed
by lift-off process. Palladium was deposited as a mask for top CNTs etching using e-
beam evaporation and lithography was performed after photoresist spin coated to
create the electrode pattern. Palladium was etched with palladium etchant to create a
mask for CNTs etching. O2 plasma was then performed to etch away unwanted CNTs
and the processes finished with the removal of remaining photoresist and palladium.

Figure 3.9 shows the SEM image for aligned network CNT RRAM.
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Figure 3.9: The SEM image for aligned network CNT RRAM.
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Chapter 4 Characterization of Metal Electrode RRAM

In this chapter, the metal electrode RRAM devices were characterized and discussed.
Single and bi-layer metal oxide layers were employed as the resistive switching
dielectric. The influences of dielectric materials and their thickness on the memory

performance were discussed. Figure 4.1 shows the fabrication process for the metal
L/ "g
o "g

Figure 4.1: Fabrication process for the metal electrode RRAM.

electrode RRAM.

4.1 Metal electrode RRAM with Al,O3 oxide layer

In the metal electrode RRAM devices, titanium/gold with thickness of 10 nm/30 nm
respectively were used as the bottom and top electrode. The width of the electrodes
was 10 um and the dimension of the RRAM devices was 10x10 um?. Figures 4.2 to 4.9
show the memory |-V characteristics for the metal electrode RRAM devices with a

single 10 nm thick ALD grown Al,O3 layer.
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Figure 4.2: The 1% set and reset cycle for metal electrode RRAM. (a) Linear scale |-V

characteristic and (b) logio scale I-V characteristic for the first cycle.
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Figure 4.3: The 5" set and reset cycle for the same metal electrode RRAM. (a) Linear

scale |-V characteristic and (b) logio scale |-V characteristic for the 5 cycle.
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Figure 4.4: The memory |-V characteristic shows the 1% to 51 set and reset cycles.
First set (black curve) requires higher voltage to switch to LRS as this is the forming

process. The set and reset voltage occurred at around -1V and 1.5-2V respectively.

Figure 4.2 shows the 1% set and reset cycle for a metal electrode RRAM device with a
single 10 nm thick ALD grown Al2O3 layer. The initial resistance was ~50GQ which
was the high resistance state (HRS). After setting at -2.2V, the resistance reduced to

~404€Q which was the low resistance state (LRS). The device could be reset at +4.5V.
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On/off ratio was ~1 x 108. Figure 4.3 shows the 5" set and reset cycle. HRS was
~20GQ. After set at -1.4V, the resistance changed to 420€Q2. Reset voltage was +1.82V
and on/off ratio is ~4 x 10’. From Figure 4.4, one can see that after 1% set and reset

cycle, the set and reset voltage was relatively stable at ~ -1V and 1.5V-2V, respectively.
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Figure 4.5: The 10" set and reset cycle for the same metal electrode RRAM. (a)

Linear scale 1-V characteristic and (b) logio scale 1-V characteristic for the 10" cycle.
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Figure 4.6: The 20" set and reset cycle for the same metal electrode RRAM. (a)
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Figure 4.9: The HRS and LRS vs the switching cycles of the metal electrode RRAM
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device. The metal electrode RRAM device shows relatively stable LRS and a slight

fluctuation on the HRS over 30 switching cycles.
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Figure 4.10: The retention performance of the metal electrode RRAM device shown

in Figure 4.2-4.8.

From Figure 4.5 to Figure 4.7, one can see that the set and reset voltages slightly
increased while the on/off ratio maintained at ~107. Figure 4.8 shows the reset voltage
slowly increased from about 1.2V for the 10" cycle to about 3V for the 30" cycle.
Figure 4.9 shows the HRS and LRS vs the switching cycles. The metal electrode
RRAM showed relatively stable for the LRS while a slight fluctuation for the HRS.
The fluctuation of the HRS could result from the conductive path formed in the oxide
layer. As the device reset back to HRS, the conductive path is not completely vanished.
Instead, part of the conductive path remained in the oxide layer while only a fraction
of the conductive path is annihilated. The remained conductive path distance would
affect the overall resistance. Hence, when the remained conductive path distance is
varied for every cycle, the HRS will varied as well. Figure 4.10 shows the retention of
the metal electrode RRAM. The device could maintain its LRS stable for 1 x 10%

without any problem.

E-beam deposited single Al.O3 layer was also tested and showed similar set and reset

voltages as those with ALD deposited single AlOs layer. However, the e-beam
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deposited Al2O3 could only last for a few cycles before the devices burned out. This
could be due to poor quality of e-beam Al2O3 as compared to ALD Al2Os. 15nm thick
Al>O3 layer was engaged, as shown in Figure 4.11. The set and reset voltage were at -
12V and +10V, respectively, and were much higher than that of 10nm thick Al2Os
devices. This is due to thicker Al,O3 required higher voltages to annihilate and re-form

the conductive path in the single Al>O3 layer.
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Figure 4.11: The 1% set and reset cycle |-V characteristic for the 15nm ALD grown

Al;03 RRAM in (a) linear scale and (b) logio scale.

4.2 Comparison between different metal oxide layers

The impacts of the oxide layer thickness and different oxide materials on the resistive
switching performance were examined to achieve a better understanding on the
influence of oxide layer on the memory performance and improve the device
performance. Three single layer hafnium oxide (HfO2), aluminum oxide (Al.O3) and
zirconium oxide (ZrO2) deposited using the ALD system were engaged. For each oxide
layer, three different thickness, 3nm, 5nm and 10nm were fabricated. The I-V

characteristics of each oxide layer of different thickness are compared in the table 4.1.
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4.2.1 Metal electrode RRAM with Al,O3; oxide layer
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Figure 4.12: (a) The I-V characteristics of the metal electrode RRAM devices in
which the Al>Os layer thickness was 3nm, 5nm and 10nm, respectively. (b) The I-V
characteristics of the RRAM device with 3nm thick Al>Os layer. (c) The I-V
characteristics of the RRAM device with 5nm thick Al2Os layer. (d) The I-V

characteristics of the RRAM device with 10nm thick Al.Oz layer.

Figure 4.12(a) shows the I-V characteristic of metal electrode RRAM devices in which
the AlLO3 layer thickness was 3nm, 5nm and 10nm, respectively. As the Al.Oz layer
thickness increased from 3nm to 10nm, the set and reset voltage increase from 0.6V to
2.5V and from -0.6V to -2.1V, respectively. Thus, the thicker the Al,Os layer was,
higher the voltage was required to form and annihilate the conductive paths in the oxide

layers. Figures 4.12(b), (c) and (d) show the cycle performance of the metal electrode
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RRAM devices with Al>O3 layer thickness of 3nm, 5nm and 10nm, respectively. The
set voltage was found to be relatively stable while the reset voltage showed slight

fluctuation from cycle to cycle.

4.2.2 Metal electrode RRAM with HfO, oxide layer
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Figure 4.13: (a) The I-V characteristics of the metal electrode RRAM devices in
which the HfO: layer thickness was 3nm, 5nm and 10nm, respectively. (b) The I-V
characteristics of the RRAM device with 3nm thick HfO: layer. (c) The I-V
characteristics of the RRAM device with 5nm thick HfO; layer. (d) The I-V

characteristics of the RRAM device with 10nm thick HfO, layer.

Figure 4.13(a) shows the I-V characteristic of the metal electrode RRAM devices in
which the HfO, layer thickness was 3nm, 5nm and 10nm, respectively. As the HfO>
layer thickness increased, the set and reset voltage increased from 0.8V to 5.0V and
from -0.4V to -1.5V, respectively. Figures 4.13(b), (c) and (d) show the cycle
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performance of the three metal electrode RRAM devices. The set voltage was
relatively stable except slight increasing for the 10nm thick HfO, layer. The reset

voltage showed slight fluctuation from cycle to cycle.

4.2.3 Metal electrode RRAM with ZrO, oxide layer
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Figure 4.14: (a) The I-V characteristics of the metal electrode RRAM devices in
which the ZrO- layer thickness was 3nm, 5nm and 10nm, respectively. (b) The I-V
characteristics of the RRAM device with 3nm thick ZrO; layer. (c) The I-V
characteristics of the RRAM device with 5nm thick ZrO; layer. (d) The I-V

characteristics of the RRAM device with 10nm thick ZrO- layer.

Figure 4.14(a) shows the 1-V characteristic of the metal electrode RRAM devices in
which the ZrO> layer thickness was 3nm, 5nm and 10nm, respectively. As the ZrO;
layer thickness increased, the set and reset voltage increased from 1.2V to 4.8V and

from -0.4V to -2.5V, respectively. Figure 4.14(b), (c) and (d) show the cycle
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performance of the three metal electrode RRAM devices. The set voltage was

relatively stable while the reset voltage showed slight fluctuation from cycle to cycle.
4.2.4 Comparison between different oxide layer and
thickness

The set and reset voltages for metal electrode RRAM devices in which Al;O3, HfO; or

ZrO- oxide layer was employed as the resistive switching layer are summarized in table

4.1.
3nm 0.6V -0.6V
AlLO, 5nm 1.2V 1.1V
10nm 2.5V 2.1V
3nm 0.8V -0.4V
HfO, 5nm 1.5V -0.6V
10nm 5.0V -1.5V
3nm 1.2V -0.4V
Zr0, 5nm 2.1V -0.9V
10nm 4.8V -2.5V

Table 4.1: Comparison of the set and reset voltages for the metal electrode RRAM

devices with Al203, HfO2 or ZrO; layer as the resistive switching layer.

All memory devices have showed a bipolar switching behavior. As explained in
chapter 2.3.3, the set and reset voltages are in the opposite polarity for bipolar
switching. Hence, all memory devices using Al2O3, HfO2 or ZrO> layer as the resistive
switching layer which set at positive voltage and reset at negative voltage exhibit a

bipolar switching behavior.
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Chapter 5 Characterization of CNTs Electrode RRAM

CNTs electrode RRAM are characterized and discussed in this chapter. The CNTs

electrode RRAM devices contain metal-CNT electrode RRAMS, random network

CNTs electrode RRAMs and aligned CNTs electrode RRAMS.

5.1 Metal-CNTs electrode RRAM

In Chapter 3.8, fabrication of the metal-CNT electrode RRAM devices was discussed.

In this section, the I-V characteristics for metal-CNT electrode RRAM device with

10um CNTs electrode channel width, 10um metal electrodes width and 10nm thick

single ALD grown Al>Oz layer is shown in Figure 5.1 to Figure 5.4.
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Figure 5.1: The I-V characteristic of the metal-CNT electrode RRAM device shows

the 1% set and reset cycle in logio scale.
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Figure 5.2: The I-V characteristic of the metal-CNT electrode RRAM device shows

the 2" set and reset cycle in logio scale (the same device as shown in Figure 5.1).
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Figure 5.3: The I-V characteristic of the metal-CNT electrode RRAM device shows

the 3" set and reset cycle in logio scale (the same device as shown in Figure 5.1).
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RRAM device.

Figure 5.1 shows the 1% set and reset cycle for a metal-CNT electrode RRAM device.
The initial resistance for the RRAM device was ~20GQ which was the HRS. When
the voltage increased to +6.5V, the device switched to the LRS with resistance of few
mega ohms. The device could be reset at -2.2V. The On/off ratio was ~1.7 x 103, Figure
5.2 shows the 2" set and reset cycle for the same RRAM device. The HRS was ~20G<Q.
After setting at +7.7V, the resistance changed to the LRS with resistance of few mega
ohms. The reset voltage was -1.1V and the on/off ratio was ~1 x 102. Figure 5.3 shows
the 3" set and reset cycle for the same RRAM device. The HRS was ~20GQ. When
the applied voltage increased to +4.3V, the resistance changed to the LRS with
resistance of few mega ohms. The reset voltage was -2V and the on/off ratio was ~1 X
102. After few switching cycles, the resistance of the LRS could return back to the
initial high resistance indicating that the conductive path had poor stability in the Al,O3
layer. Figure 5.4 shows the HRS and LRS vs the switching cycles for the metal-CNT

electrode RRAM device.

reset

Current (A)
. e
m m
© o<

set

Voltage (V)

Figure 5.5: The I-V characteristic of the metal-CNT electrode RRAM device shows

the 1% set and reset cycle in logio scale.
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the 4" set and reset cycle in logio scale (the same device as shown in Figure 5.5).
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Figure 5.9: The HRS and LRS vs the switching cycles for the metal-CNT electrode

RRAM device.

Figures 5.5 to 5.8 show the I-V characteristics for another metal-CNT electrode RRAM
with 5um CNT electrode width, 10um metal electrode width and 10nm thick single
ALD grown Al20s3 layer. During the first cycle, the initial resistance is ~10GQ. When
the voltage was set at +5.4V and the resistance changed to the LRS with resistance of
few mega ohms. The device could be reset at -4V. The on/off ratio for first cycle was
~1 x 10% The second set and reset cycle occurred at +6.1V and -1.5V, respectively and
the on/off ratio was ~2 x 102. The third cycle occurred at +3V and -1.2V, respectively
for the set and reset voltage. The on/off ratio was ~1.5 x 102. The next set and reset
cycle took place at +9.6V and -4.2V, respectively and the on/off ratio was ~1.5 x 102,
After a few cycles, the resistance returned back to the initial high resistance. Figure 5.9
shows the HRS and LRS vs the switching cycles for the metal-CNT electrode RRAM

device. The LRS gradually increased in resistance and thus reduced in the on/off ratio.

5.2 Random network CNTSs electrode RRAM

In Chapter 3.9, fabrication of the random network CNTs electrode RRAM devices

were discussed. The I-V characteristics showing the set and reset voltages are shown
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in Figure 5.10.
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Figure 5.10: The I-V characteristic of the random network CNTSs electrode RRAM

device (The same device as described in Chapter 3.9).

From Figure 5.10, it can be seen that the initial resistance was at ~20GQ. After
increasing the voltage up to +8.9V, the resistance reduced to 2MQ. The resistance of
the LRS was still in the mega ohms range, much higher than that for the LRS of the
metal electrode RRAM device. This could be due to the high resistance of random
network CNTs electrode which were typically of few mega ohms. The on/off ratio was
~1 x 10*. The device could be reset at -6.9V. The 2" and 3™ reset voltage occurred at
-9.4V and -11.5V, respectively. The increasing reset voltage and the gradual transition
from HRS to LRS and from LRS to HRS could be due to poor uniformity of random
network CNTs and the contact between random network CNTs electrode and Al,O3
layer. As the random network CNTSs consisted of CNTs overlapped on each other, this
resulted in the non-uniformity of the random network CNTSs top surface which was in
contacted with the Al.O3 layer. Hence, the random network CNTSs electrode RRAM
device unable to maintain a stable operating voltage and a sharp transition on the
switching process.
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5.3 CNT-CNTs electrode RRAM

Figure 5.11 shows an optical image of a CNT-CNT electrode RRAM device and Figure
5.12 shows the SEM image of the CNT-CNT electrode RRAM device. The pair of the
Au contact pads (in dark yellow) were patterned on the two terminals of the bottom
CNTs electrode. While, the pair of the Au contact pads (in bright yellow) were
patterned on the two terminals of the top CNTSs electrode. A resistive switching layer
of 5nm thick Al2Os was introduced by ALD technique in between the two CNTs
electrodes. The fabrication processes of the device were discussed in Chapter 3.10.
Figure 5.13 shows the I-V characteristic for a CNT-CNT electrode RRAM device
which had a CNT electrode width of 10um and a resistive switching layer of 5nm thick

Al,Os.

Bottom CNT
electrodes

Top

electrode

Figure 5.11: The optical image of the CNT-CNT electrode RRAM.
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Figure 5.12: The SEM image of the CNT-CNT electrode RRAM (the same device as

shown in Figure 5.11).
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Figure 5.13: The I-V characteristic of the CNT-CNT electrode RRAM device with

single Al,Os resistive switching layer.

Figure 5.13 shows the I-V characteristic of the CNT-CNT electrode RRAM device.
The initial resistance was roughly few GQ. When a voltage was applied across the two
CNT electrodes, the device gradually changed to LRS with a resistance of few MQ.
Subsequently, the device could be reset back to the HRS. Unfortunately, after the first

cycle, the device was no longer able to be set to LRS again.
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| Device | Oxide layer Set voltage Reset voltage

Metal-CNT Al,O, 10nm ~ 46V ~-2v
Random network CNT  Al,O, 10nm ~+9V ~-6V
CNT-CNT Al,O, 5nm ~ 412V ~_5V

Table 5.1: Comparison of the set and reset voltages for the metal-CNT, random
network CNT and CNT-CNT electrode RRAM devices with Al,Os layer as the

resistive switching layer.

Table 5.1 shows the comparison between metal-CNT, random network CNT and CNT-

CNT electrode RRAM for the set and reset voltage using Al2Os layer as the resistive

switching layer.
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Chapter 6 Characterization of Bi-layer Resistive
Switching RRAM

It has been showed that bi-layer metal oxide can improve the RRAM performance [5].
In this work, we demonstrated RRAM devices with a bi-layer resistive switching layer
using metal as well as aligned SWCNTSs as the electrodes. For RRAM devices with bi-
layer resistive switching layer using metal electrode, Au/Ti was used as the top and

bottom electrode.

6.1 Bi-layer resistive switching RRAM with metal
electrodes

In this work, three different bi-layer resistive switching RRAM devices were fabricated

and characterized.

Figure 6.1 shows the 1-V characteristic of a metal electrode RRAM device with
HfO2/Al,O3 bi-layer. The 5nm thick bi-layer oxide layer consisted of 2.5nm thick HfO,
and 2.5nm thick Al.Oz was deposited using ALD system. The first cycle was the
forming process to establish the conductive path. The set and reset voltages were in
the range from +1 to +3V and from -1V to -2V respectively. Figure 6.2 shows the HRS
and LRS vs the switching cycles of the metal electrode RRAM device with HfO2/Al,03
bi-layer as the resistive switching layer. From the graph, the RRAM device shows
relative stable for the LRS while a slight fluctuation for the HRS. Figure 6.3 shows the
operating voltage vs the switching cycles of the metal electrode RRAM device with
HfO./Al>O3 bi-layer as the resistive switching layer. Both set and reset voltages for the

RRAM device showed a slight fluctuation. The device has an on/off ratio of ~1x102.
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Figure 6.1: The 1-V characteristic shows the 1% to 5™ switching cycles of the RRAM

device with a HfO2/Al>0s3 bi-layer as the resistive switching layer.
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Figure 6.2: The HRS and LRS vs the switching cycles of the metal electrode RRAM
device with HfO2/Al>03 bi-layer as the resistive switching layer. The metal electrode

RRAM device shows relative stable for the LRS and a slight fluctuation for the HRS.
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Figure 6.3: The operating voltage vs the switching cycles of the metal electrode

RRAM device with HfO2/Al>O3 bi-layer as the resistive switching layer. The metal
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electrode RRAM shows a slight fluctuation for both set and reset voltages.

Figure 6.4 shows the I-V characteristic of a metal electrode RRAM device with
ZrO»/HfO> bi-layer. The 5nm thick bi-layer oxide consisted of 2.5nm ZrO and 2.5nm
HfO, was deposited using ALD system. The first switching cycle was the forming
process to establish the conductive path. The set and reset voltages were +1.4V and -
1V respectively. Figure 6.5 and figure 6.6 show the HRS and LRS vs the switching
cycles and the operating voltage vs the switching cycles of the metal electrode RRAM
device with ZrO,/HfO: bi-layer as the resistive switching layer, respectively. From the
two figures, it can be seen that the RRAM device with ZrO2/HfO; bi-layer showed the
best consistency for both HRS and LRS as well as the operating voltage compared with

the other two bi-layer RRAM devices. The device has an on/off ratio of ~1x10°.
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Figure 6.4: The I-V characteristic of the RRAM device with a ZrO,/HfO; bi-layer as

the resistive switching layer.
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Figure 6.5: The HRS and LRS vs the switching cycles of the metal electrode RRAM
device with ZrO,/HfO> bi-layer as the resistive switching layer. The metal electrode

RRAM device shows good stability for both HRS and LRS.
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Figure 6.6: The operating voltage vs the switching cycles of the metal electrode
RRAM device with ZrO2/HfO> bi-layer as the resistive switching layer. The metal

electrode RRAM device shows good consistency for both set and reset voltages.

Figure 6.7 shows the I-V characteristic of a metal electrode RRAM device with
ZrO2/AlL03 bi-layer. The 5nm thick bi-layer oxide consisted of 2.5nm thick ZrO; and
2.5nm thick Al>Os was deposited using ALD system. The first cycle was the forming
process to establish the conductive path. The set and reset voltages were in the range
of from +2.5V to +4.5V and from -1V to -1.5V respectively. Figure 6.8 shows the HRS
and LRS vs the switching cycles of the metal electrode RRAM device with ZrO,/Al,03
bi-layer as the resistive switching layer. The metal electrode RRAM device shows

good stability for the LRS but a slight fluctuation for the HRS. Figure 6.9 shows the

66



operating voltage vs the switching cycles of the metal electrode RRAM device with
ZrO,/Al>,03 bi-layer as the resistive switching layer. From the graph, it showed that the
metal electrode RRAM device had a slight fluctuation for set voltage and relative stable

for the reset voltages. The device has an on/off ratio of ~1x10°.
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Figure 6.7: The I-V characteristic of the RRAM device with a ZrO2/Al>O3 bi-layer as

the resistive switching layer.
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Figure 6.8: The HRS and LRS vs the switching cycles of the metal electrode RRAM
device with ZrO,/Al,Os3 bi-layer as the resistive switching layer. The metal electrode

RRAM device shows good stability for the LRS and a slight fluctuation for the HRS.

67



‘= Set voltage
®— Reset voltage

—

Vaitage (V)
w N - o - N W - 4] [+;]

Cycles

Figure 6.9: The operating voltage vs the switching cycles of the metal electrode
RRAM device with ZrO./Al>Oz3 bi-layer as the resistive switching layer. The metal
electrode RRAM device shows a slight fluctuation for set voltage and relative stable

for the reset voltages.

Comparing these three bi-layer metal oxide RRAM from figure 6.1 to figure 6.9, metal
electrode RRAM device with ZrO2/HfO; bi-layer shows the best stability for the set

and reset voltage as well as HRS and LRS.

6.2 Bi-layer resistive switching RRAM with metal-CNT
electrodes

Figure 6.10(a) shows the schematic drawing of the top view and cross-section view of
the memory device. The aligned SWCNTs were grown by thermal chemical vapor
deposition (TCVD) on quartz substrate at 925 °C with patterned ferritin as catalyst
precursor. Figure 6.10(b) shows the aligned SWCNTSs network grown using TCVD
method. Figure 6.10(c) shows the aligned CNTs electrode after etched away unwanted
CNTs. Figure 6.10(d) shows the optical image of the final device. Figure 6.11 shows
the device fabrication process for the RRAM device with bi-layer resistive switching
using aligned SWCNTSs as the bottom electrodes. The device fabrication starts with
patterning the bottom contact pads connecting to the aligned SWCNTSs. The contact

pads with 10nm Ti and 30nm Au film were fabricated on the aligned SWCNTS using
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standard photolithography and lift-off method as shown in figure 6.10(c). The aligned
SWCNTSs outside the channel area were removed through photolithography and
oxygen plasma etching process. Then the bi-layer metal oxides of 2.5 nm HfO, and 2.5
nm Al>Oz were deposited using ALD system to the entire devices. The bi-layer metal
oxides served as the resistive switching materials. The top electrode (10 nm Ti and

30nm Au) was then deposited using standard photolithography and lift-off process.

(a)

Top electrode

< AufTi
<— AlLO;
&

f0,

<— CNTs

Aligned CNTs

Top view Cross-section view

Fig. 6.10: (a) Schematic drawing of our memory device. (b) SEM image of the grown
aligned SWCNTs network using TCVD. (c) SEM image of the bottom aligned

SWCNT electrode. (d) Optical image of the final memory device.
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Figure 6.11: Fabrication process for the bi-layer resistive switching memory using

aligned SWCNTSs as electrodes.
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Figure 6.12: The I-V characteristic of the RRAM device with bi-layer resistive
switching layer using aligned CNTSs as bottom electrode. (a) The 1% set and reset
cycle and (b) the first five set and reset cycles of the same device. (Our results

published in IEEE 12th NMDC)

Figure 6.12(a) shows the first cycle 1-V characteristics of the RRAM device with bi-
layer resistive switching layer using aligned CNTSs as bottom electrode with a bipolar
switching behavior. The compliance current is set at 2 pA to prevent the device from
breakdown. The four-contact pad configuration allows us to measure the |-V
characteristic of the bottom aligned CNTs separately. The bottom aligned CNTs
electrode was measured at around ~15MQ. Initially the device was in the HRS
measured at ~15GCQ. When the positive sweeping voltage reached the set value at +4V,

a conductive path was formed across the oxide layers through oxygen vacancies. This
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conductive path offered a low resistance of ~15 MQ, the LRS. To reset the device back
to the HRS, a negative voltage was applied to the two electrodes. When the negative
sweeping voltage reached -1.3V, the conduction path was annihilated and hence, the
device was reset and returned back to the HRS. Figure 6.12(b) shows the first 5 cycles

of the same device. One can see that the set and reset voltage had a very small variation.

Within the measurement time of 1x10%s, good retention was demonstrated for the same
device, as shown in figure 6.13(a). The device could maintain the HRS and LRS
without any degradation. The device was successfully performed for 50 cycles with an

average on/off ratio ~ 1x102, as shown in figure 6.13(b).
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Figure 6.13: (a) Retention performance and (b) cycles performance of the RRAM
device with bi-layer resistive switching layer using aligned CNTs as bottom

electrode. (Our results published in IEEE 12th NMDC)

Figure 6.14(a) shows the cycle’s performance of the same device from 1% to 20"
cycles. The set and reset voltage were relatively stable from the cycle to cycle
performance. Fig6.14(b) shows the device to device variation for set and reset voltages.
The set voltage and reset voltage had very small variations of less than one volt at
around 4~5V and 1~2V, respectively. These could be attributed to the bi-layer metal

oxides resistive switching layer. For a single layer metal oxide resistive switching
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memory, the conductive path is typically formed at the interface between the metal and
oxide film. This is one of the factors that affecting the variation of the set and reset
voltage from the device to device and also from the cycle to cycle of the same device
[5, 11]. By using two metal oxide layers, the interface of the conduction path may have
shifted to the interface between two different oxide layers [5, 11]. Figure 6.15
illustrates that when voltage applied across the two electrodes, oxygen vacancies could
accumulate at a specific location and a conduction path could formed at the interface
between the two metal oxide layers. The oxygen vacancies inside the two metal oxide
layers could help to create a conduction path across them. This reduces the variation

of the conduction path forming process.
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Figure 6.14: (a) 1st to 20th cycles of the SWCNTs memory device. (b) Device to
device variation for the set and reset voltages. (Our results published in IEEE 12th

NMDC)
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Figure 6.15: lllustration of oxygen vacancies create a conduction path at the interface
between the metal and oxide layers for a single metal oxide layer and between the

oxide and oxide for a bi-layer metal oxide. (Our results published in IEEE 12th
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NMDC)

Compared with our another RRAM device in which aligned CNTs were utilized as the
bottom electrode with a single metal oxide layer, the RRAM device with the bi-layer
resistive switching layer showed several advantages. The RRAM device with a single
metal oxide layer required a forming process to initiate the device and the reset current
was as high as ~1uA. In contrast, the RRAM device with the bi-layer resistive
switching material did not require a higher initial voltage to form the conduction path.
The device also required a very low reset current down to 10nA to reset the device.
Furthermore, the device showed significant less variation from cycle to cycle as well

as from device to device for the set and reset voltage.

6.3 Bi-layer resistive switching RRAM with CNT-CNT
electrodes

In this work, RRAM devices with bi-layer resistive switching layer using aligned as
both top electrode and bottom electrode were fabricated and characterized. A bi-layer
of 2.5nm ALD HfO2/2.5nm Al>Os was introduced in between the two CNTSs electrodes.
Figures 6.16 and Figure 6.18 show the I-V characteristics of the CNT-CNT electrode

RRAM device with the bi-layer.
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Figure 6.16: The I-V characteristic of the CNT-CNT electrode RRAM device with
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the HfO2/Al203 bi-layer (device#l).
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Figure 6.17: The HRS and LRS vs the switching cycles for the CNT-CNT electrode

RRAM device#1.

Figure 6.16 shows one of the CNT-CNT electrode RRAM devices using the bi-layer
of HfO2/Al>O3 as the resistive switching material. The initial resistance was roughly
few GQ. The device changed to the LRS with a resistance of few MQ at roughly +6V.
The device on/off ratio was about one order. The device was then reset to the HRS at
around -4V. The second set and reset voltages occurred at +5V and -4V, respectively
and the on/off ratio was ~1 x 10°. The third cycle occurred at +5V and -5.2V,
respectively. The on/off ratio was about one order. Unfortunately, after the third cycles,
the device was unable to set to the LRS again. Figure 6.17 shows the HRS and LRS vs

the switching cycles for the CNT-CNT electrode RRAM device#1.

1E-06

1E-07

1E-08

E-09

E-10

Current (A)

E-11

1E12

1E-13

1E-14 4

-
8 &5 4 2 0 2 4 6 B 10
Voltage (V)

74



Figure 6.18: The I-V characteristic of the CNT-CNT electrode RRAM device with

the HfO./Al203 bi-layer (device#2).
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Figure 6.19: The HRS and LRS vs the switching cycles for the CNT-CNT electrode

RRAM device#2.

Figure 6.18 shows another device of CNT-CNT electrode RRAM using the bi-layer of
HfO2/Al>03 as the resistive switching material. The initial resistance was roughly few
GQ. The device could be set to LRS with a resistance of few MQ at roughly +5V. The
device on/off ratio was about 2x10°. The device was then reset to the HRS at around -
4V. The second set and reset voltages occurred at +5V and -5V, respectively and the
on/off ratio was ~5 x 10°. Unfortunately, after the second cycles, the device was unable
to set to LRS again. Figure 6.19 shows the HRS and LRS vs the switching cycles for

the CNT-CNT electrode RRAM device#2.

Although CNT-CNT electrode RRAM devices were able to perform the memory
function, the devices were only able to perform a few cycles. As the devices remained
at the HRS, it is unlikely that the devices were breakdown and burned off due to
excessive current. If breakdown occurred, the RRAM device will be stayed in the LRS
instead of the HRS because the two electrodes had short circuited. Hence, it can be
concluded that the devices unable to function as a memory again were not due to

breakdown. The possible cause could be the device could not form a stable conductive
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path in between the two CNT electrodes due to the conductive path formed was too
narrow and the distance between the two electrodes are much greater compared with
the active area which was less than 2nm (SWCNT’s diameter in the range of 1nm-

2nm).

Bi-layer Device Oxide layer Set voltage Reset voltage
nm ~ 42V ~-2v

HfO,/AlL O, 5
Metal electrode Zr0,/HfO, 5nm ~+1.5V ~-1V
Zr0,/Al, 0, 5nm ~+3V ~-1V
Metal-CNT HfO,/Al, 0, 5nm ~ 44,5V ~-1.3V
CNT-CNT HfO,/Al,0, 5nm ~ 45V ~ 5V

Table 6.1: Comparison of the set and reset voltages for the metal, metal-CNT and
CNT-CNT electrode RRAM devices with bi-layer oxide as the resistive switching

layer.

Table 6.1 shows the comparison of the set and reset voltages for the metal, metal-CNT
and CNT-CNT electrode RRAM devices with bi-layer oxide as the resistive switching

layer.
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Chapter 7 Conclusions

7.1 Conclusion

In the first part of the thesis, the study of metal electrodes RRAM was focused. Al,O3
oxide layer was used as the resistive switching material. The Al>O3 oxide layers were
deposited either by ALD or e-beam evaporation. The RRAM devices with the ALD
Al>O3 layer were able to perform a few tens of cycles but the RRAM devices with e-
beam evaporated Al>Oz layer only lasted for a few cycles. ALD Al,Osz oxide layer
showed much better quality than the e-beam evaporated Al.Os oxide layer. In addition,
other oxide layers were also used as resistive switching layer, these include HfO2 and
ZrO; oxide layers. By studying the influences of the resistive switching layers and their
thickness on the memory performance, we find that the metal electrode RRAM with
Al;O3 oxide layer showed the most stable set and reset voltage across all the three
different oxide thickness. The metal electrode RRAM with HfO; oxide layer had very
stable set and reset voltage for the 3nm thickness devices but a slight fluctuation for
the 5nm and 10nm thickness devices. The set and reset voltage for the metal electrode
RRAM with ZrO> oxide layer showed fluctuation across all the three different oxide
thickness. Three different bi-layer metal oxide combination, HfO2/Al>03, ZrO2/HfO,
and ZrO/Al>03 bi-layers were also engaged into the RRAM devices. From the 1-V
characteristics, ZrO»/HfO. bi-layer had shown a significant improvement in the
stability of operating voltage. The set and reset voltages were very stable with a very

small fluctuation.

For the second part, random network CNTs and aligned CNTs were used as electrodes
for RRAM devices. Random network CNTSs electrode RRAM devices were able to

perform the set and reset operations. However, the devices were only able to last for
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2-3 cycles. The operating voltage was found to be gradually increased with the number
of cycles. The increasing reset voltages and poor performance of switching cycle were
possibly due to poor uniformity of CNTs and contact between CNT electrode and
Al>0s3. Next, aligned CNTs were also used as the electrodes for RRAM devices in
which the bottom electrode was aligned CNTs while the top electrode was metal. The
devices were able to perform better than the random network CNTSs electrode RRAM
devices. The devices showed distinct abrupt change in the resistance during switching
from the HRS to the LRS and vice versa as compared with the gradual change of the
resistance in the random network CNTs electrode RRAM devices. However, the
devices were only able to perform a few switching cycles. Aligned CNTs electrode
was used as the bottom and top electrode for the CNT-CNT electrode RRAM devices.
The devices showed abrupt change in the resistance during the switching as well.
Although the cycle performance was better than the metal-CNT electrode RRAM

devices, the devices were still unable to perform for a high switching cycle number.

In the third part of the thesis, the first reported CNTs electrode RRAM devices using
bi-layer as resistive switching layers were studied. The device exhibited several
advantages, such as forming-free process, a high on/off ratio at 1 x 10% and a low reset
current down to 10nA. Furthermore, the devices showed stable memory performance
from the cycle to cycle as well as from the device to device. These improvements may
be attributed to the bi-layer metal oxides resistive switching layer. For a single layer
metal oxide RRAM device, the conductive path is typically formed at the interface
between the metal electrode and oxide layer. By using bi-layers structure, the interface
of the conduction path may have shifted to the interface between two different oxide

layers.
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7.2 Future work

In this thesis, CNTs electrode RRAM devices showed their potentials and advantages
as non-volatile memory. The CNT RRAM devices with bi-layer resistive switching
oxides showed forming-free process, a high on/off ratio, low reset current and lesser
variation in the set and reset voltages from cycle to cycle as well as from device to
device. However, some issues still require more research attention. One is to improve
the switching cycle performance. The devices were only able to perform few tens of
switching cycles. For a stable memory device, its endurance should achieve at least
10* cycles. Future work may focus on improving the endurance of the devices to match
conventional flash memories and even better. One of the possible solutions is to
employ other bi-layer metal oxides as the resistive switching materials. ZrO2/HfO bi-
layer has showed a very stable performance in the metal electrode RRAM. ZrO»/HfO>

bi-layer may also works well in in the CNTs electrode RRAM devices.

Ultimately, the final goal is to achieve high performance CNT-CNT electrode RRAM
devices. By using both aligned CNT as the electrodes, the active area can be
significantly reduced to less than 2nm x 2nm. This can definitely increase the packing
density of the device. Although our CNT-CNT electrode RRAM devices showed some
memory characteristics, the stability as well as endurance of the device need to be

improved in order to be useful.

Finally, more attention should be focused on the switching mechanism in the CNTs
electrode RRAM devices. The resistive switching mechanism may be closely related
or similar to the oxygen vacancy mechanism. A systematic experiment should be
carried out to figure out the mechanism. With a better understanding of the switching

mechanism and the charges transfer process between CNTSs electrode and resistive
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switching layer, we could achieve a high performance and endurance CNTSs electrode

RRAM device.
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