Device-Algorithm Co-Optimization
of TiO,-based Resistive Switching
Devices

by

Yu Shi

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Electrical and Computer Engineering

Waterloo, Ontario, Canada, 2025

© Yu Shi 2025



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Fabien Alibart
Associate Professor, Dept. of Electrical Engineering and Computer Science,
Université de Sherbrooke

Supervisor(s): Guo-Xing Miao
Associate Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Manoj Sachdev
Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Committee Members: Lan Wei
Associate Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Youngki Yoon
Associate Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Adam Wei Tsen
Associate Professor, Dept. of Chemistry,
University of Waterloo

11



Author’s Declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

111



Abstract

The rapid advancement of artificial intelligence (Al) and growing demand for high-performance
computing have exposed key limitations in von Neumann architectures, particularly energy
inefficiency and data movement bottlenecks. Resistive Random Access Memory (RRAM)
has emerged as a promising candidate for next-generation memory technologies, offering
non-volatility, high integration density, and the potential for energy-efficient Compute-In-
Memory (CIM) architectures. This thesis focuses on the development and optimization
of TiO,-based RRAM devices, with a particular emphasis on their application in CIM
systems.

The work begins with a comprehensive exploration of the device characteristics of TiO,-
based RRAM, including the influence of electrode materials, oxygen stoichiometry, and
physical dimensions on device performance. Through interface engineering and material
stack optimization, we achieve significant improvements in forming voltage, endurance, and
retention, enabling low-power operation and high reliability. The optimized devices exhibit
stable bipolar switching behavior with forming voltages below 1.5 V and operation currents
under 100 pA, making them suitable for integration with advanced CMOS technologies.

Building on the optimized device performance, we propose a state-aware multi-bit pro-
gramming algorithm that significantly reduces the number of programming steps and im-
proves the efficiency of multi-bit operations. The algorithm leverages the state-dependent
conductance modulation of RRAM devices, enabling precise control over resistance states
and mitigating the effects of fast relaxation and retention loss. Additionally, we intro-
duce an electrical annealing method to further enhance the long-term stability of multi-bit
programming, demonstrating its effectiveness in extending the refresh period for CIM ap-
plications.

To bridge the gap between device-level optimization and system-level implementation,
we present a back-end-of-line (BEOL) integration process for TiO,-based RRAM devices
on CMOS chips. The integration process is validated through the successful fabrication
and characterization of 1T1R arrays, demonstrating reliable resistive switching behavior
and compatibility with existing CMOS technologies. This integration paves the way for the
development of RRAM-based CIM macros, which combine RRAM arrays with peripheral
circuits for high-performance Al computing.

Finally, we discuss future directions for device optimization, hardware-aware CIM de-
sign, and system-level integration. Key challenges include reducing programming current,
improving retention stability, and developing reconfigurable CIM architectures for emerg-
ing AI workloads. The insights and methodologies developed in this thesis provide a
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foundation for the continued advancement of RRAM technologies and their integration
into next-generation computing systems.

In summary, this thesis contributes to the field of RRAM-based CIM by addressing
critical challenges in device optimization, multi-bit programming, and CMOS integration.
The proposed solutions not only enhance the performance and reliability of RRAM de-
vices but also provide a pathway for their practical implementation in energy-efficient Al
hardware.
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Chapter 1

Introduction

1.1 Background

The slowdown of Moore’s Law has become increasingly evident, as the area density of
static random access memory (SRAM)—used as cache memory in central processing units
(CPUs)—has failed to scale with advancing technology nodes. This trend indirectly signals
the end of the FinFET era. Despite innovations such as gate-all-around transistors and
backside power delivery, SRAM density has not improved as anticipated. Modern CPUs
rely heavily on the a hierarchical cache structure to reduce the latency of data access,
including the L1, L2 and L3 cache, the area of which occupies more than 50% of the total
area of the CPU. The large area of the cache memory not only increases the cost of the
CPU but also limits the scalability of the CPU, which is not desirable for the development
of the high-performance CPUs. Emerging applications such as cloud computing and arti-
ficial intelligence demand increasingly aggressive on-chip cache integration—a trend that
is unsustainable under current technology projections. The slowdown in memory density
scaling affects not only SRAM but also dynamic random access memory (DRAM) and
NAND Flash, which serve as main memory and storage, respectively, in modern computer
systems.

To extend the scaling of memory technologies, emerging memory technologies including
magnetic random access memory (MRAM)[13], resistive random access memory (RRAM)[3],
phase change memory (PCM)[11] and ferroelectric random access memory (FeRAM)[15]
have been proposed. All the emerging memory technologies are based on two-terminal
structure, while the data are stored in the form of magnetization, resistance, phase or
polarization state of the devices. The simple device structure of the emerging memory
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technologies enables the high integration density of the devices. Moreover, the non-volatile
nature of the emerging memory technologies fills the gap between the SRAM and the
NAND Flash, which is critical for the development of the memory hierarchy of the com-
puter system.

Apart from the scaling issue of memory technologies, another challenge of the modern
computer system is the energy efficiency of the system. With the development of artificial
intelligence including deep learning and large language model (LLM), the demand of com-
putation has transitioned from the high precision scalar computation to the low precision
high dimensional tensor computation, with the matrix-vector multiplication (MVM) as the
core operation. The von Neumann architecture, which separates the memory and the com-



Technology | Cell Size (F?) | Density (Gb/mm?) | Endurance | Retention
SRAM 120 ~0.1-0.5 unlimited Volatile

DRAM 6-8 ~1-2 ~10'6 Volatile

NAND Flash 4.5-5.5 ~1-3 ~10% - 10° >10 years
STT-MRAM 20-50 ~0.5-1 >10"2 >10 years
RRAM 4-10 ~1-2 >10° >10 years
PcRAM 5-10 ~1-2 >10° >10 years
FeRAM 6-8 ~0.5-1 >1019 >10 years

Table 1.1: Comparison of Memory Technologies||2]

puting unit, has been found to be inefficient for the large-scale MVM computation, which
requires frequent data movement between the memory and the computing unit. The data
shuffling between the memory and the computing unit increases the computation delay
as well as the energy consumption, which is not desirable for the energy efficiency of the
system. Architecture innovations including systolic array, near-memory computing and
compute-in-memory (CIM) have been proposed to solve this problem. The systolic array
(Google’s TPUs)[16, 17] and the near-memory computing (HBM used in GPUs) bring the
memory unit (SRAM or DRAM) physically closer to the computing unit (CPU or GPU),
which mainly reduces the memory access time and increases the computation through-
put. The CIM architecture integrates the memory and the computing unit together, and
perform the computation inside the memory array, which eliminates the data movement
between the memory and the computing unit, and reduces the energy consumption of the
system.

1.2 Device Characteristics of RRAM

Resistive switching random access memory (RRAM) is a non-volatile memory technology
that stores data using the resistance state of the devices. The resistance state of RRAM
devices can be switched between high resistance state (HRS) and low resistance state (LRS)
by applying a voltage bias to the device, which is normally referred to as SET and RESET
operation[3]. Based on the polarity of the switching voltage bias, RRAM devices can be
classified into bipolar and unipolar resistive switching devices. Bipolar resistive switching
devices require a voltage bias with opposite polarity to switch the device back to HRS,

while unipolar resistive switching devices require a voltage bias with the same polarity to
switch the device back to HRS.



The device structure of RRAM devices is a simple MIM (metal-insulator-metal) stack,
which includes a top electrode, a switching layer and a bottom electrode. The switch-
ing layer is normally a dielectric layer, which includes transition metal oxide (HfO5[1],
TayO5[18], TiO2[19]), transition metal nitride (SiN[20]), 2D layered dielectric(hBN[21],
MoS;) or organic materials. The choice of the switching layer is critical for the perfor-
mance of RRAM devices, which includes the forming voltage, the resistance state stability,
the endurance and the retention of the devices. The electrodes of RRAM devices are nor-
mally made of noble metals (Pt, Au)[22] or active metals (Ag, Ti, Hf, Ta)[23, 21], the
choices of the electrodes determines the switching type of the RRAM devices (filamentary
or interface) as well as the switching performance of the devices. The filamentary switching
devices normally have higher ON/OFF ratio and lower forming voltage compared to the
interface switching devices, but it also has higher operation current and larger device-to-
device variation. The conducting filament of the filamentary switching devices is composed
of oxygen vacancy (transition metal based RRAM) or metal atoms (such as Ag, Cu, etc) in
conductive bridge random access memory (CBRAM) devices, which is formed during the
forming step and ruptured during the RESET step. The interface switching devices are
normally based on the interface between the electrode and the switching layer, the defect
concentration of the interface determines the resistance state of the device[25, 20].

Compared to other types of switching layer, transition oxide based RRAM stands out
due to its process compatibility with CMOS technology, which is critical for the integra-
tion of RRAM devices with CMOS chips. Instead of using the conventional metal layer,
metal nitrides (TiN, TaN)[27, 28] are normally used as the electrode of transition oxide
based RRAM devices not only because of its process compatibility but the tunability of
the electrode properties, which includes the work function and thermal diffusion barrier.
Transition oxide based RRAM is chosen as the main focus of this thesis, the details of
the device characteristics of transition oxide based RRAM devices will be discussed in the
following sections.

1.2.1 Forming

Transition oxide based RRAM devices requires a forming step to form conducting filaments
inside the switching layer, the formation and rupture of conducting filaments controls the
resistance state of the device. During forming, a voltage bias is applied to the device,
oxygen vacancies (or metal atoms in CBRAM) would migrate along the electric field direc-
tion and form a conduction channel between the electrodes. The amplitude of the forming
voltage is around 1 ~ 3 V, which is normally higher than the operation voltage of the
device. The amplitude of forming voltage is determined by the physical dimensions of the

4



(a) (b) (c)
Voltage [RESET Compllancel ----- .
| e gl “ Ly
S| HRs g
Metal Oxide E = HRS
O (6]
NWvresshondinns {Compliance RESE LR

LRS T
Voltage Voltage

(e)
=
E
3
]
O
15 1.0 05 00 05 15 e - i
Applied Voltage ( V) Applied voltage, V__ [V]

Figure 1.2: (a) Schematic of the device structure of RRAM devices. I-V characteristics of
unipolar (b) and bipolar (c) resistive switching devices[3]. I-V characteristics of filamentary
(d)[1] and interfacial (e) switching devices[5].

device (thickness of the switching layer, device area, material stack structure, etc)[29, 30],

the properties of the switching layer (oxygen ratio, defect density, etc) as well as the elec-
trodes.

Due to the dielectric breakdown nature of the forming step, the forming voltage is
anti-correlated to the device area and correlated to the thickness of the switching layer[31,
32, 33]. Scaling down the thickness of the switching layer would lower down the forming
voltage, but it also leads to the increase of the operation current, which is not desirable for
the energy efficiency. To integrate with the CMOS technology, RRAM devices are normally
placed between metal layers (between M-1 layer and M layer), requiring the device area to
be scaled with the scaling of the CMOS technology. However, smaller device area requires



higher forming voltage, making the integration of RRAM devices with CMOS technology
simply based on physical dimensions challenging[3].

The scaling of the forming voltage can also be achieved by introducing more defects
to the switching layer, which includes lowering down the oxygen ratio of transition oxide
dielectric, using active metal layer (Ti, Hf. etc)[35] as one of the electrodes or plasma
treatment using Argon or Hydrogen gas[15, 36]. Further researches reveal that asymmet-
ric defect profile (top active metal layer, oxide heterostructure) of the switching layer has
better device performance (lower forming voltage, low power operation) compared to ho-
mogeneous defect distribution (tuning oxygen ratio of the oxide layer)[37, 38]. The work
function of the electrodes also plays an important role in the forming voltage due to the
Schottky barrier formed between the electrode and the switching layer, earlier researches
prefer high-work function metal like Pt or Au[l9] while later researches prefer TiN, TaN
or W due to its lower forming voltage required and better CMOS process compatibility.
It is also observed that the forming voltage is dependent on the temperature, higher tem-
perature would lower down the forming voltage[39], which is attributed to the thermally
activated migration of oxygen vacancies.

By varying the compliance current, atmosphere temperature as well as the forming
voltage amplitude. It is proposed that the forming is a two-step convoluted process[10],
which includes the filament nucleation process and growth process. At low compliance
current (< 0.1 pA), the oxygen vacancy propagate through the grain boundaries of the
oxide layer, forming a conduction channel with high resistance LRS but with higher device-
to-device variation due to stochastic nature of this process; at high compliance current (
> 10 pA), the formed conduction channel is further expanded by the oxygen vacancy,
forming a conduction channel with low resistance LRS and less variability. This model
aligns with observation of current overshoot during forming, where larger forming voltage
leads to permanent breakdown of the device[29]: the moment the nucleation process is
triggered, the device resistance drops rapidly, leading to a large current overshoot, which
expands the conduction channel and triggers the hard breakdown of the device (hard to
RESET).

Transient analysis of the forming process reveals that forming, as a dielectric breakdown
process, is a stochastic process, the average forming time needed is dependent on the
amplitude of the forming voltage. The stochastic nature of forming adds up the complexity
of write circuit design, as the forming time is not deterministic, the write circuit should
be able to detect the forming completion and tune the forming parameters accordingly
to shorten the forming time. Different strategies have been proposed, which includes
incremental pulse time, incremental voltage, two-step forming (page forming)[!1] and self-
terminated forming. The incremental pulse time and incremental voltage method[12, 13]

6
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Figure 1.3: (a) Schematic of two-stage forming process|[(]. (b) Schematic of SET and
RESET process[7].

depends on the verify step to detect the forming completion, and increase the pulse time or
voltage amplitude accordingly. Both methods are energy inefficient and time consuming,
aggressive parameter choices (larger step time or voltage) would lead to over-forming (hard-
breakdown) and device failure, which is not desirable for the device reliability. The two-step
forming method|[!1] requires a pre-forming step (high voltage, low compliance current and
longer bias time) to form a partial conduction channel, longer bias time helps to alleviate
the device-to-device variation, and a second forming step (low voltage, high compliance
current and short bias time) to form the rest of the conduction channel. The self-terminated
forming[14] methods uses negative feedback (current) to flag the forming completion, which
is more energy efficient and faster compared to the verify method, but it requires a more



complex circuit design.

1.2.2 SET/RESET

After the forming step, the RRAM devices are in low resistance state (LRS), a RESET
operation is applied to switch the device back to high resistance state (HRS). For most
transition metal oxide based RRAM devices, which has bipolar resistive switching behavior,
a bias that has opposite polarity versus forming bias is applied to RESET the devices to
HRS. During RESET, the oxygen vacancies (or metal atoms in CBRAM) would migrate
back, breaking the conduction channel (filamentary switching) or re-oxidize the switching
layer (interface switching)[15]. The amplitude of the RESET voltage is around 1 ~ 2 V,
which is normally lower than the forming voltage. No compliance current is needed during
the RESET process, but for RESET applied using voltage sweeping, a maximum stop
voltage needs to be applied to avoid HRS breakdown (negative forming)[16, 47, 48, 19],
which would lead to conduction filament formed from another electrode and permanently
degrade the resistance state of the device. The amplitude of the RESET voltage is found to
be independent on the physical dimensions of the devices as the diameter of the conducting
filament (~ 10 nm)[50] is much smaller compared to the device size (100 ~ 1000 nm), the
amplitude of the RESET voltage is mostly determined by the properties of the switching
layer (oxygen ratio, defect density, etc) as well as the electrodes. The RESET process
is generally proposed as a thermal dominated process[51], joule heating generated by the
current flowing through the conduction channel would promote the oxygen ion diffusion,
the mobility of which is strongly dependent on the temperature[52], and the oxygen ion
would recombine with the oxygen vacancies, leading to the rupture of the conducting
filaments. By varying the stop voltage of RESET as well as the biasing time[53], it is
observed that the devices can be partially RESET, showing the multi-bit capability of the
RRAM devices, the details of multi-bit operation will be discussed in the following sections.

The SET operation is similar to the forming process, a bias with the same polarity as
the forming bias is applied to the device to switch the device from HRS to LRS. During the
SET process, oxygen vacancy will migrate along the initial conduction channel direction
until the conducting filament is reconstructed[51]. Due to the corona discharge effect of
the conducting filament tip, the voltage amplitude of SET is normally smaller than that
of forming, but the compliance current is still needed to avoid hard breakdown of the
device. The amplitude of the SET voltage is also found to be independent on the physical
dimensions of devices as SET is a localized process (dependent on the conducting filament).
Different from RESET, the SET process is a electric field driven process, critical field is
needed to trigger the migration of the oxygen vacancy. The devices can be partially SET
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by alternating the compliance current applied, which can be easily implemented by varying
the gate voltage in 1T1R structure.

1.2.3 Endurance and Retention

The switching speed of SET and RESET show exponential dependence on the amplitude
of the bias, the higher the amplitude of the bias, the faster the switching speed[55, 56, 57].
The switching speed of RESET is normally slower than that of SET due to different
switching mechanisms behind: thermal induced diffusion VS electric field driven migration.
The endurance of RRAM is defined as the number of switching cycles the device can
sustain before the resistance state degrades. State-of-the-art RRAM devices normally
has endurance of around 10° cycles[53, 59, 60], which is comparable to the endurance
of phase change memory and NAND Flash. The degradation of endurance of RRAM
devices can be classified into three scenarios[01]: 1. Stuck-at-SET; 2. Stuck-at-RESET; 3.
Resistance window collapse. Stuck-at-SET is because of the excessive migration of oxygen
vacancy or hard breakdown of RRAM devices, stuck-at-SET is not recoverable in most
cases, thermal recover of SiN based RRAM is reported in[20]; stuck-at-RESET is mainly
due to annihilation of oxygen vacancy, which can be recovered by another forming step,
but the endurance after recovery is limited due to the aging of switching dielectric (defects
generated). Resistance window collapse is mainly due to anode oxidation induced interface
reaction, excessive oxygen ions generated during the switching process would oxidize the
anode, leading to the resistance state degradation of the device[61]. The degradation of
endurance illustrates the importance of balancing the switching parameters of SET and
RESET, which includes the switching voltage, compliance current and biasing time. A well
balanced SET/RESET combinations can lead to a long endurance of RRAM devices[62, (3],
which is critical for the application of RRAM in memory and computing.

Retention of RRAM devices shows the stability of the resistance state of the device.
The retention of RRAM devices is measured by applying a small read voltage and monitor
the resistance change, the retention time is defined as the time duration the resistance state
degrades to a certain level. The degradation of the retention is mainly due to oxidation
of the conducting filament by surrounding oxygen ions, which is a thermally activated
process[04]. To shorten the characterization time, retention at elevated temperatures is
measured to speed up the aging and be used to extract the activation energy of retention
degradation, which can be used to project the retention time. The retention of RRAM
devices (Figure. 1.4) can reach 10 year @ 150 °C[65], making it a promising candidate
for non-volatile memory applications in consumer electronics and automotive industry. It
is also reported that the retention performance of RRAM devices is also dependent on



the amplitude and polarity of the read voltage[66, (7], read voltage induced degradation
(read-disturb) is critical for the design of peripheral circuits of RRAM devices. Larger read
voltage would lead to faster read speed (larger sensing current) but also faster retention
degradation, which is a trade-off between read speed and retention time. Based on this,
a sweeping voltage based biasing scheme is proposed to speed up the characterization of
read-disturb, which eliminates the need of long retention time measurement[68, 69].
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Figure 1.4: Benchmark of retention of RRAM devices at different ambient temperature[3].

1.2.4 Multi-Level Programming

As discussed in the previous section, RRAM devices can be partially SET or RESET
by varying the compliance current, voltage amplitude and the biasing time. Due to the
stochastic nature of SET/RESET, effective multi-level programming of RRAM devices is
challenging, as the resistance state of the device is not deterministic by simply applying
SET or RESET operation. To help determine the resistance state of the device, a verify
step is needed to detect the resistance state of the device, which is normally done by
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applying a small read voltage (0.1 ~ 0.3 V) and monitor the resistance difference (AR)
between the measured one (R;) and the target value Rygrger: AR = R;— Ryarger. The writing
direction of the next programming step is determined by the resistance difference (AR),
if AR > 0, a SET operation is applied, if AR < 0, a RESET operation is applied[70, 71].
Different strategies have been proposed to tune the writing parameters of SET/RESET
for the next programming step, which can be categorized as: fixed pulse time and voltage
and incremental pulse time/voltage.

e The fixed pulse time and voltage method is the most straightforward method, which
applies a fixed pulse time and voltage of SET/RESET for each programming step
until the target value (with accepted noise margin) is reached. Such method is energy
inefficient and time consuming, and the programming efficiency is dependent on the
choice of the fixed writing parameters, which is hard to determine with the existence
of device-to-device variation and cycle-to-cycle variation. Despite that, researches on
fixed pulse time and voltage method leads to an interesting area of RRAM research,
which is the analog switching of RRAM devices and the neuromorphic computing
(such as spike timing dependent plasticity (STDP)[72, 73]) based on RRAM devices.

e The incremental pulse time and voltage method[70, 74] is proposed to speed up the
programming as it will keep increasing the voltage/time if the target value has not
been reached. A fixed incremental step of voltage/time is normally applied, which is
determined by the device characteristics and the design of the strategies. Voltage is
preferred as the tuning parameter to minimize the programming time, but it can lead
to degradation of the device (SET induced hard breakdown or RESET breakdown)
if the voltage is too high, which is not desirable for the device reliability. To solve
this problem, for RRAM devices in 1T1R configuration, the tuning of SET has gate
voltage as the tuning parameter while keeping a fixed SET voltage and pulse time;
the tuning of RESET has the gate full open and the RESET voltage as the tuning
parameter, a maximum stop voltage is set to avoid RESET breakdown.

Apart from the write-verify method discussed above, self-termination writing[75, 76, 77] is
also proposed to avoid repeated verify steps. The self-termination writing method uses the
negative feedback (sensing current) to detect the termination point of the programming,
which is more energy efficient and faster compared to the write-verify method. However, it
requires more complex design of circuit and less immune to the device-to-device variation,
which is not suitable for large-scale integration.

Another challenge of multi-level programming of RRAM is the state stability after
programming, which includes short term relaxation[78] and long term retention[79]. To
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Figure 1.5: Schematic of fixed pulse time and voltage method (a) and incremental pulse
voltage (b) and time (c¢) method. Flowchart of the write-verify method (d).

have more states stored in one single RRAM device, the noise margin between states for
multi-bit RRAM devices is more stringent compared to the binary RRAM devices. The
short term relaxation is defined as the resistance change of the device after programming
in a short time duration (< 1 ms), which is normally ignored in previous characterization
of RRAM devices due to loose timing setup of write-verify method. The origin of the short
term relaxation is still not clear, published results suggest that the short term relaxation is
dependent of the resistance state as well as the writing direction[30, 81], which may suggest
that it is correlated with the spontaneous oxygen vacancy diffusion and recombination at
room temperature. Thermal capping layer on top of switching dielectric layer have been
found to be effective to suppress the short term relaxation[$2], different programming
strategies have also been reported to mitigate the influence. The long term retention of
multi-level RRAM devices shares the same degradation mechanism with the binary RRAM
devices, however, the shrunk noise margin makes it hard to achieve 10 year retention time,
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especially for devices with bits more than 2. Different methods including the material
stack engineering as well as the programming strategies[33, 81, 84, 85] have been proposed
to improve the retention time of multi-level RRAM devices.

1.3 RRAM based Compute-In-Memory

Recent rapid development of artificial intelligence including deep learning and large lan-
guage model (LLM) has called for more efficient computing architecture to handle the
large amount of data and computation. The von Neumann architecture, which separates
the memory and the computing unit, has been found to be inefficient for the large-scale
matrix-vector multiplication (MVM) computation, which is the core operation of deep
learning and LLM. The data movement between the memory and the computing unit
consumes most of the energy and time, which is not desirable for the energy efficiency
of the system. To solve this problem, compute-in-memory (CIM) architecture has been
proposed, which integrates the memory and the computing unit together, and perform the
computation inside the memory array. CIM based on different memory technologies includ-
ing SRAMI[26], DRAM[37], PCM[88], FeRAM[15] and RRAM[&9, 90] have been proposed,
among which RRAM based CIM shows its advantages in energy efficiency and scalability
due to its non-volatile nature and higher integration density. The working principle of
RRAM based CIM is based on Kirchoft’s current law, where I = XV - G;, the current
flowing through the memory array is the sum of the product of the voltage applied to each
cell and the conductance of each cell[9]. By mapping the matrix element to the conduc-
tance value of each cell in memory array, the matrix-vector multiplication (MVM) can be
performed in parallel by sampling the summing current of each bitline of the memory array,
which is the output of the MVM operation. The sampled current vector can be converted
to digital signal for further processing.

The initial proposal of RRAM based CIM was based on pure crossbar array struc-
ture, however, the leakage current due to partial biasing of un-selected cells leads to the
degradation of the sensing margin. Several solutions including ”1/2” (or ”1/3”)sensing
scheme[91, 92] and two step sensing[93] have been proposed to mitigate the influence of
the leakage current, which is effective for small-scale array (< 1k bit)[91]. To suppress
the leakage flowing through the un-selected cells, one way is increase the non-linearity of
I-V of RRAM devices, which utilizes passive selector devices (such as diode or threshold
switching devices)[95, 96, 97, 98]; another way is to use active switching devices (such as
transistor) to block the leakage current sneak path[99]. Due to immaturity of RRAM com-
patible selector technology, transistor based approach is normally used for large-scale array.
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Figure 1.6: (a) Schematic of vector-matrix multiplication using CIM. Circuit diagram of
crossbar array (b)[9] and 1T1R array (c)[10].

The transistor based approach is normally implemented in 1T1R configuration, where the
transistor is connected in series with the RRAM device, the access of the RRAM device
is controlled by the gate voltage of the transistor, which is normally connected to the
wordline of the memory array. The adoption of 1T1R configuration also provides other
advantages, which includes the tuning of SET/RESET of the RRAM device by the gate
voltage, which is critical for multi-level programming of RRAM devices. Variants of 1T1R
configuration including 2T1R[100] and 1txR (z > 2)[101, 102, 103] have been proposed to
further improve the computing efficiency and memory density of RRAM based CIM.

The sensing of the summing current of the memory array is critical for the efficiency

14



and accuracy of the MVM operation, different approaches have been proposed, including
the current mode sensing and voltage mode sensing.

e Current mode sensing is the most straightforward method, which converts the sum-
ming current to voltage signal using current sense amplifier[75]. However, with the
increasing size of the memory array, especially for multi-bit RRAM devices, the cur-
rent mode sensing is not efficient due to the large current flowing through the bitline
as well as the longer sampling time needed, which increases the energy consumption
of the system and leads to non-ideal effects such as IR-drop[104]. Apart from that,
to accommodate the large sensing current, the area of the sensing circuit also needs
to be increased, leading to multi bitlines sharing one sensing circuit. The shared
sensing circuit needs to be time multiplexed to sample the current of each bitline,
which limits the parallelism of the MVM operation.

e Compared to current mode sensing, voltage mode sensing normally utilizes a sampling

capacitor to convert the summing current to voltage signal (V = M)[ , 11]. The

voltage stored in the sampling capacitor is further sampled by A%Cs and pass to
next stage for further processing. The voltage mode sensing only require fixed time
sampling of the summing current, which is more energy efficient compared to the
current mode sensing. Moreover, more bitlines can be switched on in parallel, which

increases the computational parallelism.

Both current mode and voltage mode requires ADCs for analog/digital conversion,
which are area and power hungry in real implementation. ADC-free approach is proposed to
eliminate the need of ADCs[106, 107], which samples the summing current using the sample
capacitor and compare the sampled the voltage to a ramp voltage to generated the encoded
PMW signal, which is passed to next RRAM CIM array for next stage computation. The
ADC-free approach is more energy efficient compared to the ADC based approach, but it
requires more complex design of the circuit and the scalability of the system remains a
challenge as the signal to noise ratio of the ADC-free approach is lower compared to the
ADC based approach.

1.4 Challenges and Limitations of RRAM Devices for
CIM

As discussed in the previous sections, RRAM based CIM shows its advantages in energy
efficiency and scalability, but there are still several challenges and limitations of RRAM
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Figure 1.7: Schematic of current mode sensing (a) and voltage mode sensing (b)[11].

devices that prevents further adoption of RRAM based CIM. The challenges and limitations
includes:

e Endurance: Compared to other memory technologies like SRAM or DRAM, the
limited endurance of RRAM devices limits the application of RRAM based CIM to
inference-only tasks, which requires less frequent programming of the memory devices
compared to training tasks. Although it has been demonstrated that RRAM devices
can achieve up to 10'? endurance cycles, RRAM devices from top foundries including
TSMC and Intel only have endurance of around 10° cycles mostly because of the
large device-to-device variation. Material stack innovations including doping of the
switching layer[108], interface engineering[37] and having 2D layered dielectric[21] as
switching layer have been proposed to improve the endurance of RRAM devices, but
the endurance of RRAM devices is still not comparable to that of SRAM or DRAM.

ON/OFF resistance: Compared to other non-volatile memory technologies like PCM
or FeRAM, the endurance performance of RRAM is comparable. However, the low
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ON resistance (typically < 10 KQ) of RRAM devices is not desired in the appli-
cation of CIM, as the summing current of the CIM array is determined by the ON
resistance of the RRAM devices, the low ON resistance of RRAM devices results in
high summing current, reducing energy efficiency. Large bitline current also leads to
non-ideal effects like IR-drop, causing the voltage applied to the devices at far-end
smaller than the desired value, which would lead to deviation between the actual and
the target value of the MVM operation. ON resistance of RRAM can be controlled
by the compliance current of the SET operation, but it would lead to the degradation
of the sense margin (ON/OFF ratio), which requires higher OFF resistance (HRS)
to compensate the degradation. Higher HRS, however, cannot simply be achieved by
increasing the RESET voltage due to the RESET induced breakdown, which remains
a challenge in the optimization of RRAM devices.

e State stability: The requirement of resistance state stability in CIM is higher than
that in memory storage, as the resistance state of the RRAM devices are used to
store the weight of the neural network, drift of the resistance state would influence
the computational results, which in turn leads to the degradation of the accuracy
of the neural network. Resistance drift of RRAM devices, including short term
fast relaxation and long term retention loss, is primarily due to the spontaneous
oxygen vacancy diffusion and recombination at room temperature. Both short term
relaxation and long term retention loss can be mitigated using extra writing steps,
but simply increasing the number of writing steps would lead to the degradation of
the endurance of RRAM devices as well as programming speed to the system.

1.5 Contributions of This Thesis

In this thesis, we proposed several strategies to mitigate the challenges and limitations
of RRAM devices for CIM, which includes the optimization of the device characteristics
of RRAM devices, the development of multi-bit programming algorithm, the program-
ming methods to mitigate the retention loss of RRAM devices and the back-end-of-line
(BEOL) integration of RRAM devices on CMOS chips. The contributions of this thesis
are summarized as follows:

e Bipolar resistive switching of TiO, devices (Chapter 2): Details of the device fab-
rication and characterization of TiO, RRAM devices are discussed, which includes
the device structure, electrode dependence, physcial scaling and retention/endurance
performance of the fabricated devices. The observed electrode dependence serves as
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the foundation of the device optimization of TiO, RRAM devices, which is discussed
in the next chapter.

Device optimization (Chapter 3): We observed a dependence between the resistance
of resistance states and the forming voltage of our fabricated TiO, RRAM devices.
We later found a way to lower down the forming voltage by tuning the nitrogen
concentration of the bottom TiN electrode, which further promotes us to improve
the overall performance of RRAM devices using interface engineering. The interface
engineering includes the tuning of nitrogen concentration of bottom TiN electrode,
insertion of Al,O3 layer and Ny plasma treatment of top and bottom interfaces. The
optimized devices show lower forming and operation voltage and higher HRS, which
is critical for the application of RRAM based CIM.

Multi-bit programming algorithm (Chapter 4): We proposed a state aware multi-bit
programming algorithm for RRAM devices, which utilizes the dependence between
conductance modulation and conductance state to deterministically calculate the
writing parameters of SET/RESET for the next programming step. The proposed
algorithm was validated using the experimental data of RRAM devices, demonstrat-
ing the effectiveness of the algorithm in improving the programming efficiency of
RRAM devices. We also observed a electrical annealing method to mitigate the re-
tention loss of RRAM devices after programming. The method utilizes sub-write
voltage to heat up the RRAM devices and promote the oxygen vacancy diffusion
and recombination, which in turn is proved to effective in mitigating the long terms
retention loss, especially for high conductance states. The influence of retention loss
of CIM is evaluated using simulation, which shows the effectiveness of the proposed
method in improving the accuracy of the neural network.

BEOL integration of RRAM devices on CMOS chips (Chapter 5): We proposed
a BEOL integration method of RRAM devices on foundry CMOS chips, which is
a pioneer part of the long term development project of RRAM based CIM. The
integration method includes the design of the CMOS chip, the fabrication process
flow of RRAM devices and the integration of RRAM devices on CMOS chips. The
packaging and testing of the integrated chip is also discussed.
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Chapter 2

Bipolar Resistive Switching of TiO,
based Devices

Titanium oxide (TiO,) is selected as the switching layer in this study. Compared to
other well-studied transition metal oxides such as hafnium oxide (HfO3), TiO, exhibits
a more complex phase diagram and a broader stoichiometric range. These characteristics
contribute to its diverse material properties, including superconductivity, diluted ferromag-
netism, and resistive switching behavior—making it a compelling candidate for memory
applications.

Unipolar resistive switching[109] and bipolar resistive switching[110] behavior have both
been reported on TiO, based devices, it has also been found that TiO, based devices with
bipolar resistive switching behavior can be transitioned to unipolar resistive switching
behavior by increase the compliance current during operation. While TiO, based devices
with unipolar resistive switching behavior has the advantage of large ON/OFF ratio, the
requirement of higher switching current and voltage makes it not suitable for integration
with CMOS chips as larger transistors are needed to provide the programming current.

Depending on the switching mechanism, TiO, based resistive switching devices can
also be categorized into interfacial switching and filamentary switching. For interfacial
switching devices, the concentration of oxygen ions around the metal/oxide interfaces is
modulated by applied electric filed, which would in turn change the interface barrier,
leading to the resistance change of the devices[19, ]. Compared to filamentary switching
devices, interfacial switching normally has higher resistance of resistance states and larger
non-linearity of its I-V behavior as it normally requires no forming operation. However,
interfacial switching TiO, based devices normally requires higher operation voltage and
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the switching speed as well as the state stability remains a challenge. In this work, the
research focus is on the bipolar resistive switching behavior of TiO, based devices and the
switching mechanism is filamentary switching.

2.1 Device Fabrication and Characterization

The TiO, thin films are deposited by reactive sputtering of a 2 inch Ti target in an Ar/O,
atmosphere. The deposition is carried out at room temperature with a base pressure of
3 x107® torr, and the deposition pressure is 3 mTorr. The flow rate of Ar is fixed at 30
sccm, and the flow rate of Oy is varied to control the oxygen content in the TiO, film.
The sputtering power is fixed at 200 W, and the deposition time is varied to control the
thickness of the TiO, film. To minimize the batch-to-batch variation, a 2 inch Ti target is
specified for the growth of TiO, and the oxidation layer on the Ti target after each TiO,
deposition need to be removed by sputtering the target with pure Ar plasma. The vacuum
level of the sputtering chamber need to be smaller than 3e=8 torr before each deposition
to avoid unexpected oxidation during growth.

Material | Growth Methods Growth parameters
TiO, Reactive sputtering | Deposition power: 200 W (2 inch Ti target)
Ar:0, =30: X (2< X <12)
Gas pressure: 3 mTorr
Pre-sputtering time: 10 min
TiN Reactive sputtering | Deposition power: 100 W (1.5 inch Ti target)
Ar:N, =30: X (1.5 < X <10)
Gas pressure: 3 mTorr
Back sputtering power(optional): 10 W
Pre-sputtering time: 10 min
Pt DC sputtering Deposition power: 30 W (1.5 inch Pt target)
Gas pressure: 3 mTorr

Table 2.1: Growth methods and parameters of TiO,, TiN and Pt used in this thesis.

The initial choice of electrode material is Pt, which is a common electrode material for
resistive switching devices. The Pt electrode is deposited by sputtering a Pt target in an
Ar atmosphere (base pressure being < 3 x 107® torr, deposition pressure being 3 mTorr,
flow rate of Ar is 30 sccm, sputtering power of 30 W). The thickness of the Pt electrode
is fixed at 30 nm. However, the poor adhesion of Pt to the TiO, layer leads to the partial
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delamination of the Pt electrode during the device fabrication process. Apart from that,
the Pt electrode provides less flexibility in tuning the device performance. Therefore, TiN
is chosen as the electrode material due to its process compatibility and its tunability of the
device performance. The TiN electrode is deposited by reactive sputtering of a Ti target
in an Ar/N, atmosphere (base pressure being < 3 x 10® torr, deposition pressure being 3
mTorr, flow rate of Ar is 30 sccm, flow rate of Ny is varied to control the nitrogen content
in the TiN film, sputtering power being 100 W).

(a) (b) (c)

Electrode

e L

Figure 2.1: (a) Crossbar structure of the device. (b) Pillar structure of the device. (c) Via
structure of the device.

There are three ways to fabricate the sandwich structure of the device:

e Crossbar (Fig. 2.1(a)): The top and bottom electrodes are perpendicular to each
other, and the switching layer is sandwiched between them. The device area is
determined by the dimensions of the top and the bottom electrode. The bottom
electrode is patterned first, and then the switching layer is deposited on top of it.
The top electrode is patterned on top of the switching layer. The advantage of
this structure is that it can be achieved using a shadow mask process, making it
suitable for fast prototyping, but it is hard to scale down the dimensions of the
device below 10 pm with shadow mask. Further scaling down the device dimensions
requires lithography steps, however, the sharp edges of the lithographically patterned
electrodes can cause the breakdown of the switching layer.

e Pillar (Fig. 2.1(b)): The top and bottom electrodes are parallel to each other, and
the switching layer is sandwiched between them. The material stack is deposited all
together and then patterned using a lithography and etching process. The advantage
of this structure is that it can be scaled down to sub-100 nm dimensions and the
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process flow can be easily integrated into the CMOS process flow. However, such
whole stack patterning requires a high aspect ratio etching process, which would
lead to fabrication hazards such as side wall re-deposition and etch profile distortion.
The process temperature of the etching process can also affect the properties of the
switching layer.

e Via (Fig. 2.1(c)): Similar to the fabrication process of the crossbar structure, the
bottom electrode is patterned first for electrode connection, and a passivation layer
(such as SiOy and SiN) is deposited on top of it. A via is etched in the passivation
layer to expose the bottom electrode, the dimensions of the via determines the device
area. The switching layer is deposited on top of the passivation layer, and the top
electrode is patterned on top of the switching layer. Such method overcomes the
structure limitation of the crossbar and the fabrication hazards of the pillar structure.
The device area can be scaled down to sub-100 nm dimensions. Pre-fabrication of
the bottom electrode also allows the use of a shadow mask process or lift-off process
for the top electrode patterning, which is suitable for fast prototyping.

Both pillar (Fig. 2.2) and Via (Fig. 2.3) structure have been tested in this study, and
the via structure is chosen for the current and future device development due to its fast
prototyping capability and the ease of scaling down the device dimensions. The via struc-
ture is fabricated as follows: a 30 nm thick TiN (or Pt) bottom electrode is deposited on
a 3-inch Si/SiO, wafer substrate and patterned using a lithography and etching process.
A 50 nm SiO, passivation layer is deposited on top of the bottom electrode, and a via is
patterned using optical lithography (and e-beam lithography for sub-1 um patterns) and
reactive-ion-etching (RIE) process. Due to the selectivity of the RIE process of SiOs to
TiN, the bottom electrode is not affected during the via etching process. After RIE etch-
ing, the wafer is patterned again using optical lithography to define the shape of the top
electrode. The fabricated 3-inch wafer is diced into small chips (~ 1 ¢m x 1 ¢m) using a
dicing saw, small chips are loaded into the sputtering chamber for the deposition of the
TiO, switching layer and the top electrode (Pt or TiN) using the same process as described
above. Followed by a lift-off process to remove the excess material on the top electrode,
the chip is ready for electrical characterization using the probe station.

The fabricated chips are probed using a probe station with a semiconductor parameter
analyzer (Keithley 4200A-SCS) to measure the electrical characteristics (DC and pulse) of
the devices. The parameter analyzer is equipped with three mid-voltage source measure-
ment unit (SMU), one high-voltage SMU, one two-channel pulse measurement unit (PMU),
one capacitance measurement unit (CVU) and two remote preamplifier /switcher (RPMs).
Two of the mid-voltage SMUs (SMU1 and SMU2) are equipped with pre-amplifiers to
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Figure 2.2: Fabrication process flow of the pillar structure.

measure the current in the sub-pA range. SMU1, SMU2, PMU and CVU are connected
to the RPMs (RPM1-1 and PRM1-2), which can be configured to switch the measurement
units. RPMI1-1 is connected to the top electrode of the device under test (DUT), and
RPM1-2 is connected to the bottom electrode of the DUT.

For the DC measurement of DUT, custom code is developed to achieve bipolar voltage
sweeping of the SMUs. The developed DC measurement module enables setting different
compliance current at positive and negative polarity of voltage applied, repeated voltage
sweeping is also enabled to evaluate the endurance of devices using DC sweeping. For
pulse measurement, a series of test modules are developed, including transient analysis
of switching current, custom voltage waveform for memory endurance test and custom
multi-bit writing algorithm.

The standard electrical characterization of the devices include:

e Dielectric leakage current test: A voltage sweeping from 0V — 1V — 0V — —1V —
0V is applied to the devices to measure the initial resistance of the devices, compliance
current being le — 6 or le — 7A is applied during the measurement.

e Forming test: A voltage sweeping from 0V — Viorming — 0V with compliance current
being Icom, is applied to FORM the devices. The amplitude of Viorming and Ieom, are
tuned accordingly (start with low I.omp, increase Ioom, first then Vigpming until the
devices is formed).
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e RESET test. A voltage sweeping from 0V — Vggsgr — 0V with no compliance
current applied is applied to RESET the devices. For the first few measured devices
(~ 20) of each batch, the amplitude of Vggspr need to be increased gradually until
the RESET induced breakdown is observed. The average RESET breakdown voltage
can be used as the maximum applied RESET voltage applied to the remaining devices
of the same batch.

e Sweeping test: A voltage sweeping from 0V — Vsgr — OV — Vrgspr — OV is applied
to the devices. Compliance current is applied during SET, and the amplitude of the
compliance current is equal to or smaller than the compliance current used during
forming.

e Retention test: The devices can be SET(or RESET) to LRS(or HRS) by DC sweep-
ing or voltage pulses. A constant small read voltage (-0.2 V) is applied to read
the resistance of the devices. The sampled interval is varied depending on the test
requirement.

e Endurance test: DC sweeping or pulse based method can be applied to conduct the
endurance test. The resistance of LRS and HRS are sampled at each programming
cycle to monitor the cycle-to-cycle variation and state degradation.

For each batch of devices, a yield test which includes Forming test, RESET test and
Sweeping test (10 cycles) is applied to at least 50 devices to estimate the yield rate. A
devices is classified as PASS if HRS (read at -0.2 V) is larger than the setting value (100
K$ for most cases) and LRS is smaller than HRS during the Sweeping test.
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2.2 Influence of Electrode Material

Devices with pillar structure (Pt/TiO,/Pt) are initially fabricated to explore the resistive
switching behavior of TiO, based devices. The devices are firstly fabricated based on the
pillar structure and the smallest device area is 4 pm x 4 pm. The [-V characteristic of the
fresh devices show strong diode behavior and can only be formed by applying a negative
voltage bias (> -5 V) to the top electrode. Contrary to the common resistive switching
behavior, where devices are in LRS after forming, such devices are in HRS after the forming
(Figure. 2.4), a subsequent SET operation is needed to switching the device from HRS
to LRS. The abnormal resistive switching behavior is mainly due to the Schottky barrier
between the Pt electrode and the TiO, layer, the forming step breaks the Schottky barrier
and allows the voltage to be applied to the TiO, layer in the following operation. After
the forming, a SET operation with positive voltage applied to the top electrode is applied
to switch the device to LRS. The devices can be further RESET to HRS by applying a
negative voltage, showing bipolar resistive behavior. The devices with this structure is not
further explored due to the high forming voltage and high operation current despite the
thickness scaling of the switching layer.

The experimental results on Pt/TiO, /Pt inspires us to think about the role of work
function of the electrode material in the resistive switching behavior of the devices. The
high work function of Pt leads to the formation of a Schottky barrier at the Pt/TiO,
interface, which hinders the formation of the conducting filament. To overcome the high
Schottky barrier, TiN is chosen as the electrode material due to its lower work function (4.5
eV) compared to Pt (5.65 eV). Apart from that, high temperature process (PECVD SiO,
deposition requiring 300 °C ambient temperature) during fabrication leads to uncertainties
in conditioning of the TiO, layer, which could also lead to the abnormal resistive switching
behavior.

Via structure is developed to overcome such issue. Both Pt and TiN are used to fab-
ricate devices using the via structure, the smallest device area is 4 ym x 4 um. Devices
with material stack TiN/TiO,/Pt, Pt/TiO,/TiN, Pt/TiO,/Pt and TiN/TiO,/TiN are
fabricated to explore the influence of the electrode materials. Pt/TiO, /Pt devices suffer
from partial delamination of the electrodes due to poor adhesion between Pt and TiO,
layer, however, no such issue is observed for devices with the same material stack using the
pillar structure, which further supports our assumption that process temperature during
fabrication modulates the device properties. All other three material stacks show bipolar
resistive switching behavior, the polarity of the forming voltage is the same as the SET
voltage. Moreover, the forming process is found be dependent on the dielectric/metal
interfaces: TiN/TiO, /Pt and Pt/TiO,/TiN can only be formed by applying positive volt-
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Figure 2.4: (a) Abnormal forming I-V characteristic of Pt/TiO, /Pt devices. (b) Switching
I-V characteristic of Pt/TiO, /Pt devices.

age to the TiN electrode, while TiN/TiO, /TiN can be formed with both polarities. The
forming voltage of the devices is summarized in Table 2.2. It can also be noticed that the
amplitude of forming voltage is dependent on the interface position (Figure. 2.5). The
switching I-V of the three material stacks are shown in Figure. 2.6. For TiN/TiO,/TiN,
which can be formed with both polarities, forming with positive voltage is preferred as
the forming voltage is smaller and the operation voltage/current is also lower. Compared
to devices with Pt as top or bottom electrode, TiN/TiO,/TiN is chosen for the following
studies due to smaller operation voltage.

Further optimizations show that the deposition condition of the TiN bottom electrode
also plays a crucial role in the performance of the devices. DC sputtering is found to
be better than RF sputtering, and back bias during deposition is found to have greatly
improved the device performance (Figure. 2.7 ). These observations suggest that the
TiN/TiO, interfaces are the key to the resistive switching behavior of the devices, the
details of the interface engineering will be further discussed in the next chapter.
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Figure 2.5: Interface analysis of (a) Pt/TiO,/TiN, (b) TiN/TiO,/Pt and (c)
TiN/TiO,/TiN devices.

Material Stack Forming voltage (V)
TiN(BE)/TiO, /Pt(TE) 2
Pt(BE)/TiO, /TiN(TE) 1.3
TiN(BE)/TiO, /TiN(TE) 15

-2

Table 2.2: Forming voltage of devices with varied electrode combinations.

2.3 Influence of Oxygen Ratio

The oxygen vacancy inside the TiO, layer plays an dominant role in the formation of
conducting filaments and the performance of the devices. There are many ways to introduce
oxygen vacancies in the TiO, layer, including from the interface (active metal electrode or
H, annealing) or from the stoichiometry of the bulk layer. The role of the oxygen vacancy
in bulk layer is firstly investigated by varying the oxygen ratio during the deposition of
TiO, layer. The oxygen ratio is varied by changing the flow rate of O, during the deposition
of TiO, layer, the flow rate of Ar is fixed at 30 sccm, and the flow rate of O, is varied from
1.5 scem to 12 scem. The deposition power is fixed at 200 W, the deposition rate of the
sub-stoichiometric TiO, layer is found to be dependent on the oxygen ratio, the deposition
rate decreases with the increase of oxygen ratio and saturates when the flow rate of oxygen
ratio is layer than 8 sccm.

Devices with Oy flow rate of 1.5 sccm, 4 sccm and 6 scem are fabricated using the
via structure, the thickness of the TiO, layer is fixed at 5 nm and the bottom electrode
is the optimized TiN (with back sputtering enabled during deposition). For each oxygen
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Figure 2.6: Switching I-V characteristic of (a) Pt/TiO,/TiN, (b) TiN/TiO, /Pt and (c)
TiN/TiO,/TiN devices (positive forming voltage).

ratio, 48 devices are measured to evaluate the forming voltage and the resistance of HRS,
both of which are the key to low power operation of RRAM based CIMs. The results are
summarized in Table. 2.3. The forming voltage decreases with th decrease of the oxygen
ratio, which is consistent with the literature results. Devices with 4 sccm and 6 sccm share
similar forming voltage, but the resistance of HRS of the 6 sccm devices is higher than that
of the 4 scem devices, which suggest that TiO, with lower oxygen ratio suffers from leakage
current. Devices with 1.5 scem show the lowest forming voltage, but the resistance of HRS
is higher than that of the 4 sccm devices, indicating that the oxygen vacancy concentration
of the dielectric layer is not the only factor that determines the resistance of HRS.

Oxygen ratio | Forming voltage (V) | HRS (Q2)
1.5 sccm 1.17 70 K
4 sccm 1.5 434 K
6 sccm 1.49 116.2 K

Table 2.3: Effects of oxygen ratio on the forming voltage and HRS resistance (The thickness
of TiO, is 5 nm).

Devices with lower oxygen concentration (Ar/Oy = 30: 1 and 50 : 2) are also fabricated
but found to be leaky and cannot be formed. To combine the advantages of low forming
voltage of devices with low oxygen ratio and the high resistance of HRS of devices with
high oxygen ratio, a hetero-structure of TiO, with different oxygen ratio is proposed. The
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Figure 2.7: Switching I-V characteristic of TiN/TiO, /TiN devices before and after interface
engineering.

thickness of the TiO, layer is fixed at 4 nm, the bottom TiO, layer is deposited with
oxygen ratio of being 6 sccm (Ar = 30 sccm) while the top of the TiO, layer is deposited
with oxygen ratio of being 2 scem (Ar = 50 scem). Same methodology is used to evaluate
the performance and the results are summarized in Table. 2.4. It can be observed from the
results that the forming voltage of the hetero-structure is lower than that of the pure 6 scem
devices, and the resistance of HRS is at a similar level of the 6 sccm devices. Compared
to devices with 5 nm TiO, layer described above, the benefit of thickness scaling is more
dominant than the oxygen profile tuning. These finding promotes us to further investigate
the scaling of the forming voltage and its influence on the resistance states, the details will
be discussed in the next chapter.

Material Stack Forming voltage (V) | HRS (€2)

TiO, (30 : 6) 4 nm 1.19 303.7 K

TiO, (30 : 6) 3 nm + TiO, (50 : 2) 1 nm 1.13 352.1 K
TiO, (30 : 6) 2 nm + TiO, (50 : 2) 2 nm 1.13 228.1 K
TiO, (30 : 6) 3 nm 1.13 2415 K

Table 2.4: Comparison of the forming voltage and HRS resistance of devices with different
heterostructure.

29



2.4 Influence of Physical Dimensions

The study on the influence of oxygen ratio has revealed the importance of thickness scaling
of the switching layer. To investigate the influence of physical dimensions on the resistive
switching behavior of the devices, devices with different area and thickness are fabricated.
The thickness of the TiO, layer ranges from 2 nm to 4 nm, and the device area ranges
from 600 nm x 600 nm to 4 um x 4 pm. The oxygen ratio of the TiO, layer is fixed
at (Qar : Qo, = 30 : 12, and the bottom electrode is the optimized TiN (Qa, : Qn, =
30 : 1.5, back sputtering power = 10 W). For each combination of thickness and area, 48
devices are measured to evaluate the forming voltage, the HRS resistance and the HRS
breakdown voltage, which is the maximum RESET voltage that the device in HRS can
withstand. The results are summarized in Figure. 2.8.
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Figure 2.8: Influence of thickness and area on the forming voltage, HRS resistance and
HRS breakdown voltage.

It can be observed from the results that the forming voltage decreases with the decrease
of the thickness of the TiO, layer, increases with the decrease of the device area, both of
which are consistent with the literature results. The HRS resistance is dependent on the
device area when the thickness of the TiO, layer is above 2 nm (Figure. 2.8(b)), the
resistance of HRS increases with the decrease of the device area. However, when the
thickness of the TiO, layer is below 2 nm, weak dependence on the device area is observed,
which suggest that different switching mechanism is involved for ultra thin TiO, layer
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(more discussions on this topic in the next chapter). The HRS breakdown voltage follows
the same trend as the forming voltage.
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Figure 2.9: Transient of RESET process: (a) Competition between RESET oxidation and
breakdown. (b) Breakdown of the device in HRS.

To get a better understanding of the HRS breakdown, transient analysis is conducted
by applying constant voltage stress to the devices in HRS and monitor the current change.
The amplitude of the voltage stress is chosen to be close to the HRS breakdown voltage,
and SMU is chosen to sample the current for better current resolution and the maximum
sampling rate is around 125 Hz. The results (Figure. 2.9) that the breakdown could happen
during the RESET process, devices could recover from the breakdown and maintain the
HRS resistance (Figure. 2.9(a)) or suffer from permanent degradation of the resistance
states (Figure. 2.9(b)). It is also observed the time to breakdown is dependent on the
amplitude of the voltage stress, the higher the amplitude the shorter the time to breakdown.
In Figure. 2.8(c), the HRS breakdown voltage of 4 nm is larger than that of 3 nm, the HRS
resistance of 4 nm, however, is smaller than that of 3 nm. The above results suggest that
the RESET breakdown process is a electric-field driven process, like a dielectric breakdown
process.

Analysis of HRS breakdown indicates that the RESET process of the TiO, based devices
is a competition between the oxidation of the conducting filament and the breakdown of the
dielectric layer. Larger HRS breakdown voltage is preferred as it provides wider operation
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window for the devices. To increase the HRS breakdown voltage, apart from the physical
scaling of the device, the interface engineering between the electrode and the switching
layer is also reported to be effective in increasing the HRS breakdown voltage. There are
mainly two types of interface engineering:

e Reducing the defect concentration on the bottom electrode interface: Noble metals
including Pt, Ir and Au[/8], which are oxidation resistant, can be used to increase the
HRS breakdown voltage. However, our previous study on Pt electrode shows that
the forming voltage as well as the operation voltage of the devices is high, which is
not desired in this study.

e Increase the dielectric breakdown strength of the switching layer: Using high bandgap
dielectric layer such as HfOy and Al,O3[17] as insertion layer between the electrode
and the switching layer is reported to be effective in increasing the HRS breakdown
voltage. However, the high band gap dielectric layer could also increase the forming
voltage of the devices, which requires further optimization.

Al,O3 insertion is chosen as the interface engineering method in this study, apart from the
increase of the HRS breakdown voltage, various other benefits are observed with the AlyO3
insertion, which will be discussed in the next chapter.

2.5 Retention and Endurance

Retention of the resistance states is evaluated by applying a read voltage to the devices,
the resistance of the devices is measured at a fixed interval of time. To minimize the
influence of read-disturb, the read voltage is fixed at -0.2 V, the same polarity as that
of the RESET. The devices are SET (RESET) to LRS (HRS) using the DC sweeping
method, both LRS and HRS have been evaluated for up to 10* s at room temperature,
which shows no degradation of the resistance states. Attempts have been made to evaluate
the retention of the devices at elevated temperature, however, the devices are found to
be unstable at temperature higher than 100 °C, permanent degradation of the resistance
states is observed after annealing at 100 °C for 1 hour. The degradation mechanism is still
under investigation, but our later study on the interface engineering of the devices suggest
that the oxidation of the TiN top electrode may be the main reason for the degradation.

By varying the stop voltage of RESET during DC sweeping, the devices are found to
be multi-bit capable (Fig. 2.11(a)), the resistance states of the devices can be tuned by
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Figure 2.10: Retention of the devices at room temperature.

the amplitude of the RESET voltage. Retention test is also conducted on the multi-bit
devices, the results show that the resistance states of the devices are stable (Fig. 2.11(b)).

For devices RESET to higher HRS ( > 200K (), the retention test have demonstrated
that there exists random telegraph noise (RTN) behavior in the conduction of HRS (Figure.
2.12), very few devices in LRS show similar RTN behavior. The RTN suggest that there
exists a two level system in the electron transport, the disappearance of the RTN in LRS
suggests that such two level system exist between the conducting filament tip and the
electrode. The conductance difference between the two states (~ 0.001Gy) is found to be
much smaller than the conductance quantum (Gj), indicating that the RTN could be a
trap-assisted tunneling process. Different read voltage bias have been applied to evaluate
the influence of voltage amplitude on RTN, the results show that the state transition
frequency (tunneling rate) is dependent on the amplitude of the read voltage(Figure. 2.13),
which further supports the assumption that the RTN is due to the trap-assisted tunneling
process.

Endurance of the devices is evaluated by applying repeated DC sweeping to the de-
vices, compliance current is applied during SET to prevent the breakdown of the devices.
The devices are found to be able to maintain the resistance states after 10® cycles of
SET/RESET. To speed up the endurance test, pulse based measurement have been ap-
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Figure 2.11: (a)Switching I-V of the device with different stop voltage of RESET. (b)
Retention of the varied resistance states.

plied to the devices. The results show that the devices suffer stuck-at-HRS after only 10?
cycles of SET/RESET if the pulse amplitude and width are fixed. Pulse based write-verify
algorithm is developed to solve the stuck-at-HRS issue, which helps improve the endurance
of the devices to 10 cycles. Limited by the device fabrication facility, there still exists a
gap between the endurance of the devices and the state-of-the-art RRAM devices, which
requires further optimization of the device fabrication process and the device structure.

2.6 Summary

In this chapter, the device fabrication and characterization of the TiO, based resistive
switching devices are presented. The influence of the electrode material, the oxygen ratio
of the TiO, layer, the physical dimensions of the devices and the retention and endurance
of the devices are investigated. The results point out the importance of the interface
engineering in device optimization, and the necessity of the scaling of the device dimensions
for low power operation of the devices. The findings of this chapter provide a guideline for
the following study on the interface engineering of the devices. Retention and endurance
of the devices are also evaluated, the results show that the devices are able to maintain the
resistance states after 10* s at room temperature and 10 cycles of SET/RESET, researches
on transient analysis of RESET process and the RTN behavior of the devices are also
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Figure 2.12: RTN behavior of the devices in HRS under different read voltage.

presented. These findings provide a comprehensive understanding of the resistive switching
behavior of the TiO, based devices, and the optimization of the device performance for
the following study on the interface engineering of the devices.
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Chapter 3

Device Optimization Through
Interface Engineering

To increase the compute density and reduce the power consumption, integration of RRAM
devices into advanced technology nodes is essential, which requires the scaling down of
the device area as well as its operational voltage (Fig. 3.1 (a))[112, 113]. Studies on
device area scaling show that smaller device area would lead to higher forming voltage[114],
which is essential to form the conducting filament in the switching layer. Multiple efforts
including insertion of active metal layer[2, 23] and localized doping[36] have been proposed
to lower the forming voltage. However, previous efforts have been mostly focused on the
top interface of the switching layer, the influence of the bottom electrode and the interface
between the bottom electrode and the switching layer has not been fully explored. Another
challenge for RRAM based CIM is the increase of bit-line current when scaling up the
CIM array size, which would lead to the increase of the power consumption and non-ideal
effects like IR-drop[l15]. The bit line current is principally governed by the resistance
value programmed to represent ”1”7 (or ”11...17 in multi-bit configurations). To reduce
bit line current, the resistance for 71”7 can be programmed to exceed the standard LRS
value, provided the sensing margin remains within specification - a flexibility enabled by
RRAM’s multi-bit programmability. Consequently, the selection of resistance values for
717 is bounded by HRS. The correlation between the forming voltage and the resistance
states, especially HRS has not been fully explored, which is essential for the optimization
of the RRAM devices for CIM applications.

In this chapter, the influence of bottom TiN electrode with different growth conditions
has been explored, a strong dependence between forming voltage and the nitrogen con-
centration of TiN has been observed. The relationship between forming voltage and the
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resistance of LRS and HRS is also explored, which shows that the amplitude of forming
voltage determines the resistance of HRS: at a given range, the lower the forming voltage
the higher the resistance of HRS. The scaling of forming is firstly achieved through decreas-
ing the thickness of switching layer, then an opposite trend is observed in both LRS and
HRS when the thickness is below 2 nm due to the increase of leakage current. N, Plasma
treatment of the bottom and top electrode interfaces, reducing defect concentration on the
bottom TiN surface and enhancing defect concentration on the top TiO,, surface, has been

found to be effective in decreasing the forming voltage without sacrificing the resistance of
HRS.
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Figure 3.1: (a) Schematic of the fabricated TiN/TiO,/TiN devices. (b) Cross-section
TEM image of the device. (c¢) Fabrication process flow of the devices. (d) Endurance test
of the devices. (e) Forming I-V (green) and switching I-V (red) of the formed devices.
(f)Retention test of LRS and HRS.
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3.1 Scaling of Forming Voltage

The schematic of the fabricated TiN/TiO,/TiN devices is shown in Fig. 3.1(a). The
bottom TiN electrode is grown on the SiO,/Si substrate using DC reactive magnetron
sputtering, back bias is applied during growth to improve the film quality. The fabrication
process (Fig. 3.1(c)) begins with patterning a via structure (minimum opening area: 600
nm x 600 nm) on the bottom electrode. The TiO, switching layer was then deposited
via reactive sputtering of a pure Ti target in an oxygen/argon mixture, with an optimized
gas flow ratio (Qa, : Qo,= 30:12 sccm) determined by oxygen flow variation at fixed Ar
flow. This oxygen ratio was maintained consistently throughout the experiments. The
top TiN electrode was subsequently sputtered without vacuum break. The cross-section
TEM image of the device is show in Fig. 3.1(b). The fabricated devices are electrically
formed by applying a positive DC sweeping voltage (compliance current applied) to the top
electrode (Fig. 3.1(e)). The formed devices exhibited stable bipolar resistive switching,
as confirmed by endurance (Fig. 3.1(d)) and retention (Fig. 3.1(f)) tests. Limited by
the in-house fabrication and deposition facilities, the endurance performance of fabricated
devices suffer from stuck-at-LRS degradation.

The forming voltage is varied by changing the thickness of the switching layer during
fabrication. The compliance current as well as the voltage sweeping speed during forming
are kept constant. Formed devices are RESET to HRS by applying a negative sweeping
voltage to the top electrode, no compliance current is applied during RESET and the
amplitude of maximum RESET sweeping voltage is adjusted based on the thickness of
the switching layer. It is assumed that the resistance of HRS measured is the maximum
resistance of HRS as further increase of RESET voltage would lead to HRS breakdown
(RESET-induced breakdown), causing non-reversible degradation of HRS. For each thick-
ness of switching layer, 50 devices are measured to evaluate the device-to-device variation.
The resistance of LRS and HRS are measured at -0.2 V, the resistance of LRS and HRS
versus forming voltage is summarized in Fig. 3.2(b). The results show that the resistance
of LRS is independent of the forming voltage when the thickness of switching layer is larger
than 2 nm. Thinner switching layer ( <= 2 nm and forming voltage < 1.5 V) leads to
the increase of resistance of LRS, which is desired for more energy efficient CIM applica-
tions, but degraded ON/OFF ratio may increase the design complexity due to smaller read
margin.

The forming process can be described as a two-step convoluted process|[10]: nucleation
step (Fig. 3.3(a)): the oxygen vacancy is driven under the electric field, moving from
top electrodes towards bottom electrodes and form the initial conducting filament region;
filament growth step (Fig. 3.3(b)): further diffusion of oxygen vacancy would lead to the
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expansion of the conducting filament region, leading to the decrease of the resistance of
the devices until the compliance current is reached. For thinner switching layer, due to the
presence of leakage current flowing through the dielectric layer, the forming would mostly
stop at the nucleation step when the compliance current is reached. Overall the resistances
are more dominated by the leakage current, thus both LRS and HRS are merging towards
same values. The resistance of LRS can be decreased by increasing the compliance current
during forming or during switching, but it would decrease the resistance of HRS as well.
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Figure 3.2: (a) Forming and breakdown I-V of fabrication devices. Electrical characteriza-
tion of devices with varying oxide thicknesses: Dependence of LRS and HRS resistance on
forming voltage across different thicknesses (2-4 nm). (c) Cumulative distribution function
(CDF) of forming voltages. (d) Two-dimensional boxplot analysis correlating HRS resis-
tance with forming voltage.

While for HRS, the resistance of maximum HRS would increase with the forming voltage
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first and then decrease when the forming voltage is above 1.5 V. It is generally accepted
that the conducting filament have a cone shape, with more defects concentrated at the
top interface and less defects clustered at the bottom interface. Under ideal scenario, the
drifting of oxygen vacancy would stop when the compliance current is reached. However,
the capacitance discharging immediately after forming would lead to additional current
flowing through conducting filament, which can be larger than the compliance current
(current overshoot)[29]. The discharge current would heat up the filament region, leading
to diffusion of oxygen defects under high temperature and expanding the diameter of the
conducting filament, especially at the bottom interface. The increase of HRS below 1.5
V is mainly due to the suppression of leakage current with thicker dielectric layers. The
decrease above 1.5 V, however, indicates that the formed conducting filaments suffer more
from the current overshoot due to the increase of forming voltage. The current overshoot
results in expansion of the diameter of the conducting filament, thus leading to the decrease
of the resistance of HRS (Fig. 3.3(d)).

These observations illustrate the challenges of scaling down the forming voltage. It
should also be noted that scaling down dielectric thickness is not the “silver bullet” as
thinner dielectric would suffer from larger leakage current, poor stability and vanished

ON/OFF ratio.

(a) (b) (c) (d)

TiN TiN TiN
TiN TiN TiN
Forming: Nucleation Forming: Growth High HRS Low HRS

Figure 3.3: (a) Nucleation step of forming. (b) Growth step of forming. Defect profile of
High HRS (c¢) and Low HRS (d) devices.
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3.2 Influence of TiN Bottom Electrode

To explore additional methods for scaling down the forming voltage, TiN bottom electrodes
with varying nitrogen concentration were deposited using the reactive sputtering. The total
gas pressure and the flow rate of carrier gas Ar (30 sccm) were kept constant, while the
flow rate of Ny was varied and a constant RF back bias was applied during the deposition.
X-ray diffraction (XRD) was performed on as-deposited TiN films to analyze the crystal
structure (Fig. 3.4). The crystal orientation of TiN shows a dependence on the flow rate
of Ny: both (200) and (111) phases co-exists when the flow rate of Ny is low; as the Ny
flow rate increases, the (111) phase intensity becomes stronger and the full width at half
maximum (FWHM) decreases, indicating better crystallization. Phi-scan has been done to
confirm that all TiN films are polycrystalline. The crystallization dependence of TiN on the
flow rate of Ny may correlate with the deposition rate, higher Ny flow rates result in lower
deposition rates (TiN deposition rate of Qn, = 5 scem is half of that of Qn, = 1.5scem).
(111) face of cubic structure, which has the highest atomic density, is more resistive against
the etching from RF substrate biasing, leading to the increase of the (111) phase intensity.

1200
TiN — Qn, =1.5sccm
10001 [111] —— Qn, =2.5sccm
— Qn, =3.5sccm
800 —— Qu, =5.0sccm TiN
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Figure 3.4: X-ray diffraction patterns of TiN films deposited with varying Ny flow rates.
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The varied TiN bottom electrodes were fabricated using the same process flow, and
were loaded together for the identical deposition of TiO, and the top electrode. The I-V
characteristics of fresh devices with varied TiN bottom electrodes were summarized in Fig.
3.5(a): there is a sharp change of I-V behavior from 2.5 sccm to 3.5 scem, which also aligns
with the transition of crystal orientation preference. The polarity of the asymmetry of the
[-V is also shifted with the bottom electrode composition (Fig. 3.5(c)). Same transition is
also observed in the amplitude of the forming voltage (Fig. 3.5(b)), TiN bottom electrode
with lower N, flow rate requires much lower forming voltage (~ 0.6V).
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Figure 3.5: (a) I-V of fresh devices with varied TiN bottom electrode in log scale. (b)
Forming voltage with varied TiN bottom electrode. (¢) Comparison of I-V of fresh device
between @y, = 1.5sccm and QQn, = Hscem in linear scale.
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Previous studies have shown that the TiN (111) phase exhibits significantly higher ox-
idation resistance compared to other crystallographic orientations [110, ], confirming
that oxidation during fabrication or TiO, deposition is not responsible for the reduced cur-
rent density and elevated forming voltage observed in TiN electrodes with higher nitrogen
content. Instead, the primary mechanism stems from nitrogen-dependent work function
modulation: gate electrode studies demonstrate that higher nitrogen concentrations in
TiN lead to an increased work function [118], thereby raising the Schottky barrier height
at the TiN/TiO, interface. This conclusion is further supported by the polarity shift in
[-V asymmetry, which directly reflects a nitrogen-induced modification of interfacial con-
duction barriers.
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Figure 3.6: Electrical characteristics of devices with 1.5 sccm Ny TiN bottom electrodes:
(a) Resistance of LRS and HRS versus forming voltage . (b) Two-dimensional boxplot
analysis correlating HRS resistance with forming voltage. (c) Cumulative distribution
function (CDF) of forming voltages. (d) Comparison of resistance of HRS versus forming
voltage for varied interface.
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Additionally, TiN with lower nitrogen concentrations—which have a smaller fraction of
the oxidation-resistant (111) phase—are more prone to oxidation. This likely results in a
tapered oxygen profile near the interface, effectively reducing the effective barrier height.
In contrast, nitrogen-rich TiN, with its dominant (111) orientation and higher oxidation
stability, maintains a sharper interface and thus a higher barrier. This complementary
effect further explains why higher nitrogen concentrations lead to both increased Schottky
barriers and higher forming voltages.

The thickness of TiO, on lower nitrogen concentration (Qy, = 1.5 scem) TiN bottom
electrode is also varied to explore the dependence of HRS on the forming voltage (Fig.
3.6(a)), which shows similar trends as the one with higher nitrogen concentration. For the
same thickness switching layer thickness, bottom TiN with lower nitrogen concentration
requires lower forming voltage and has higher HRS resistance (Fig. 3.6(d)) while main-
taining a similar level of LRS. As is illustrated in Fig. 3.8(a), for TiN with higher nitrogen
concentration, a significant voltage drop is concentrated at the bottom interface due to
the barrier height. For the same thickness of TiO,, the electric field intensity required to
trigger the forming is the same, the added voltage drop (V;;) at the bottom interface would
lead to the increase of the total voltage applied to the switching layer, thus enhancing
the current overshoot after forming and leading to the decrease of the resistance of HRS.
The results suggest that the work function of TiN should be decreased to lower down the
forming voltage across the whole switching layer.

3.3 Influence of Al,O; Insertion

The fabricated devices can only be formed by applying a positive bias to the top electrode.
Forming with a negative bias leads to hard breakdown and the amplitude of negative
breakdown voltage is larger than that of the positive forming voltage by > 0.5 V despite
the symmetric device structure (Fig. 3.7(a)). Devices with different TiN bottom electrodes
show similar asymmetry between forming voltage and breakdown voltage, which indicates
that the asymmetry is not because of the difference of work function between the top
and the bottom electrode, but due to the uneven distribution of defects in the switching
layer. The deposition rate of TiO, has been pre-calibrated and is found to be constant
after a 10-minute conditioning period, suggesting that the asymmetry arises from the
interfacial reactions between the switching layer and the electrodes. Possible interfacial
reactions include the oxidation of bottom TiN during the TiO, growth and the nitridation
of TiO, during the top TiN electrode deposition. To decouple the joint effects of these two
possibilities, a thin aluminum oxide layer (1 nm) is deposited at top or bottom interface
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using E-beam evaporation. The combined thickness of the dielectric layer (70, + AlsOs)
is kept at 3 nm.
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Figure 3.7: (a) Forming voltage and breakdown voltage of device with varied thickness of
switching layer (averaged over 50 devices). (b) Forming voltage and breakdown voltage of
varied interface. (averaged over 50 devices)

The results (Fig. 3.7(b)) show that the insertion of Al,O5 layer at the bottom interface
leads to the increase of the breakdown voltage but the asymmetry trend still exists, while
the insertion of Aly,O3 layer at the top interface leads to the increase of the forming voltage
while the breakdown voltage remains the same. Less asymmetry is observed in the devices
with Al,O3 layer at the top interface, which indicates that the nitridation of TiO, during
top TiN deposition is the main reason for the asymmetry and it can be used to lower down
the forming voltage.
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Figure 3.8: (a) Voltage drop diagram of devices under forming bias. (b) Defect profile of
devices and possible hazards during material growth and fabrication.

Based on the results of Al,O3 insertion, nitrogen plasma treatment is applied to the top
surface of TiO, to enhance the generation of defects. After the deposition of TiO,, a in-situ
N, plasma treatment is conducted inside the sputtering chamber using RF back bias. To
minimize the etching effect of the back bias, a small wattage (10 W) is applied under the
pure nitrogen atmosphere. The result shows that a 3 nm TiO, switching layer after the
N, plasma treatment requires smaller forming voltage compared to even the 2 nm TiO,
devices, the average resistance of HRS of the top interface plasma treated 3 nm devices is
higher than that of untreated 2 nm devices (Table. 3.1). Similar to other doping methods
including the insertion of active metal layer or H, annealing, the Ny plasma treatment on
top interface of TiO, (Fig. 3.8(b)) effectively substitutes O with N therefore introducing
enough defects in the switching layer, lowering down the forming voltage without sacrificing
the resistance of HRS.

48



Material Stack Forming voltage (V) HRS ()
TiO, (2 nm) 1.34 (o = 0.092) 144 K (0 = 57 K)
TiO, (3 nm) 141 (0 = 0.087) | 358 K (0 = 181 K)

TiO, (3 nm)/N, plasma | 1.25 (¢ = 0.089) 301 K (o = 132 K)

Table 3.1: Effects of Ny plasma treatment on top interface.

The insertion of Al,O3 layer at both interfaces illustrates the effectiveness of Ny plasma
generated defects at top interface and their role in conducting filament formation, how-
ever, the possible influence of oxidation of bottom TiN during TiO, growth has not been
ruled out. For (111) oriented TiN, the nitrogen-terminated interface has better oxidation
resistivity compared to Ti-terminated interface[l19]. Based on this, after the Ar plasma
etching on bottom electrode, N, plasma treatment is applied before TiO, deposition to
passivate the surface with nitrogen termination. The results (Table. 3.2) show that despite
the intrinsic difference between varied TiN bottom electrodes, the Ny plasma treatment
further lowers down the forming voltage and the resistance of maximum HRS is largely
maintained, indicating that Ny passivation of the bottom interface help mitigate the oxida-
tion during TiO, deposition. As expected, the already (111) oriented TiN ( Qn, = 5 scem)
only sees little changes.

TiN BE(Qx,) Forming voltage (V) HRS (2)

(
)
o =0.17)
)
)

1.5 scem 128 (6 =0.19) | 216K (0 =112 K)
1.5 scem (N, treated) 1.09 ( 208 K (0 =91 K)
5 sccm 1.61 (0 =0.22 90 K (0 =33 K)
(

5 sccm (Ny treated) 1.58 (¢ = 0.17 92 K (0 =57 K)

Table 3.2: Effect of Ny plasma treatment on bottom electrode.

3.4 Summary

In this chapter, the dependence between the resistance of LRS and HRS and the amplitude
of forming voltage is explored. The results show that the HRS resistance is inversely
correlated with the forming voltage when the thickness of the switching layer is above 2
nm. Lower forming voltage is favored to achieve higher HRS resistance, which is essential
for more energy-efficient CIM applications. The findings emphasize the importance of
minimizing current overshoot during forming, which is the main reason for the decrease
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of the resistance of HRS at higher forming voltage. Additionally, the peak amplitude of
current overshoot is dependent on the forming voltage and the capacitance of the dielectric
layer, indicating that future optimization should consider the dielectric constant of the
switching layer. The scaling of forming voltage through thickness also shows that the
leakage current of thinner dielectric layers is not negligible, leading to decreased HRS
resistance, vanished ON/OFF ratio and poorer device stability.

Further scaling of the forming voltage of TiO, based RRAM devices is achieved through
the optimization of bottom TiN electrode and nitrogen plasma treatment on the electrode
and the switching layer: The strong presence of (111) phase under higher nitrogen con-
centration in polycrystalline TiN leads to the increase of work function of TiN, which
further increases the Schottky barrier height between the bottom electrode and the switch-
ing layer. Our results suggest that the work functions of TiN should be decreased to lower
the forming voltage. Nitrogen plasma treatment of the top interface of TiO, is effective
in enhancing the generation of defects, which is essential for the formation of conducting
filament. The nitrogen plasma treatment of the bottom interface can help passivate the
TiN surface, which helps mitigate the oxidation during TiO, growth, which further lowers
down the forming voltage. We found that the best approach to reduce the forming voltage
without sacrificing the HRS/LRS ratio is to use a lower Ny concentration (e.g., 5%) in the
bottom TiN growth to reduce the electrode work function of the bulk state, combined with
N, plasma treatments before and after TiO, deposition to passivate the bottom interface
and enhance defect generation at the top interface. Our results proves the effectiveness of
interface engineering in scaling down the forming voltage of TiO, based RRAM devices,
the results provide a guideline for the optimization of transition oxide based RRAM devices
for advanced CMOS technology node integration and RRAM-based CIM applications.

Compared to other works (Table 3.3), the optimized devices in this work show lower
forming voltage, lower operation voltage and higher HRS resistance, which is essential for
more energy-efficient CIM applications. Futher work is needed to improve the endurance
and retention performance of the devices, which is limited by the device fabrication process
and possibly the material properties of TiO,.
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This Work | UCSD[120] | IBM[114] | Weebit-Nano[121] | CAS[112] | Intel[60]

Switching layer TiO, TiO, HfO, SiO, HfO, TaO,

Device Area 0.36 0.49 0.0225 0.25 0.022 0.049
(pm?)

Formm(%;/o“age <15 ~ 2 ~ 3.3 <46 ~ 1.5 -
HRS (Q) 1M M 300 K <100 K 100 K 40 K
LRS (Q) 10K 10 K 10 K < 10K 10 K 5K

Endurance 103 - - 106 10° 10*
Retenti 10* s 10% s 10 Year 10 Year | 10 Year
crention @ RT @ RT - @ 85°C @ 85°C | @ 85°C

Table 3.3: Comparison of optimized RRAM devices with other works.
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Chapter 4

State- Aware Multi-bit Write
Algorithm

As a potential candidate for non-volatile memory in sub-40 nm CMOS technologies, previ-
ous optimizations of RRAM technologies have mostly focused on single bit storage[l22, 53],
which limits its application scenario given the growing demand for memory density. The
programming of multi-bit RRAM devices generally requires repeated write-verify steps
until the device conductance reaches the target conductance range. Due to the limited
endurance of RRAM devices, the number of write-verify steps needs to be minimized to
prolong the device lifetime and increase the programming speed. Different strategies have
been proposed to decrease the programming steps/time needed, and they can be divided
into the following categories:

e [ncremental step pulse programming (ISPP): The SET/RESET voltage[7, 70] or the
gate voltage in 1TxR configuration is increased after each write-verify step until the
target conductance range is reached.

e Range dependent tuning: Performing coarse tuning[35, 83] first to bring the device
conductance closer to the target conductance range and fine tuning (ISPP-like) later.
The coarse tuning is normally achieved by mapping between the gate voltage and
target conductance range in a 1TxR structure, using a fixed combination of gate
voltage and SET voltage.

This chapter introduces our investigation into mitigating fast relaxation and overshoot
issues in multi-bit RRAM programming. While minimizing write-verify cycles is essential
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for efficient multi-bit storage, the rapid conductance decay (within 1 s) after programming
remains a major challenge. Here, we characterize the fast relaxation behavior, highlighting
its dependence on both the conductance state and the writing direction. Our findings
suggest that terminating programming with a RESET operation can reduce fast relax-
ation; however, this approach alone tends to increase programming time due to frequent
overshoots resulting from the continual ramp-up of bias voltage in ISPP-like schemes.

To overcome these limitations, we explore the state-dependent modulation of RESET
by varying pulse amplitude and duration, thereby revealing that voltage amplitude is best
suited for coarse tuning while the logarithmic dependence of pulse time offers improved fine
tuning. Leveraging these insights, we propose a state-aware multi-bit write algorithm that
combines the advantages of modified ISPP for SET operations with a tailored RESET
scheme. The RESET process incorporates dual tuning phases: coarse adjustment via
voltage amplitude adaptation based on the conductance difference, and fine tuning via pulse
duration calculated from logarithmic time dependence, supported by status flag feedback.

Additionally, we introduce an electrical annealing method to further enhance the long-
term stability of multi-bit programming, demonstrating its effectiveness in extending the
refresh period for CIM applications.

4.1 Write Direction Dependent Fast Relaxation

To characterize the fast relaxation after programming, a read train pulse is applied after
the write-verify step to capture the conductance change (as illustrated in Fig. 4.1(a)).
The sampling time of each read pulse is 10 us and the read period is 140 ps, 1000 read
pulses are applied. The target conductance states (Grarger) are ranged from 10 pS to 50
pS (read at 0.2 V) to evaluate the influence of conductance states on fast relaxation. The
measurement was conducted on over 30 devices, and the results are categorized based on
the terminated write direction. The summarized results are shown in Fig. 4.1(b). It can
be observed that fast relaxation is dependent on the terminated write direction, with the
conductance drift of SET being more severe compared to that of RESET. Additionally, fast
relaxation also depends on the conductance state, which indicates that fast relaxation is
correlated with the defects (oxygen vacancy) contained in the switching layer [79, 81, 82].
The observations suggest that oxygen vacancies generated by SET favor recombination
with oxygen ions[30], leading to conductance drift post-writing.

The measurement results suggest that RESET should be used to terminate the pro-
gramming to mitigate the influence of fast relaxation. As discussed in [30], a performance
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penalty is expected if directly incorporating this strategy into multi-bit programming al-
gorithms like ISPP or RADAR [85], due to the overshoot of RESET. Therefore, a better
understanding of conductance modulation of RESET is needed to minimize the likelihood

of overshoot.

Write
Verify Read
Relaxation Read

000 - 0f

Time

Conductance change: abs(G; — G)
SET terminated relaxation

BA
)]
=
‘0
=
.,
300 400 500 600 700 800 900
RESET terminated relaxation
.
3A
wn
2
‘g
=
.,

300 400 500 600 700 800 900
# of time step

Figure 4.1: (a) Schematic of pulse train used for characterization of fast relaxation. (b)
Average conductance change after programming with varied Grgrger. Top figure is pro-
gramming terminated with SET while the bottom one is terminated with RESET.
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4.2 State Dependent Conductance Modulation of RE-
SET

To explore the conductance modulation of RESET, devices are first programmed to a
certain conductance state, then a RESET pulse is applied, followed by a read pulse to
evaluate the conductance change. Various combinations of initial conductance states, pulse
voltage amplitudes and pulse time of RESET are applied. The initial conductance states
are ranged from 10 uS to 50 pS with step size being 10 ©S, the voltage amplitudes are
ranged from -0.8 V to -1.2 V with step size being 0.1 V and pulse time is ranged from 100 ns
to 100 us for each order of magnitude. Measurements were conducted on over 30 devices, a
three-dimensional mapping of the average conductance after RESET versus pulse voltage
amplitude and pulse time is plotted in Fig. 4.2, the average value of the conductance after
RESET is represented by the colormap and three-dimensional surfaces for different initial
conductance states are stacked for comparison.

The average conductance change versus pulse time is plotted in Fig. 4.3(a), showing
a logarithmic time dependence of the conductance change: AG o log(t/t'), it should
also be noted that the amplitude of the conductance change is dependent on the voltage
applied. As shown in Fig. 4.3(b), there exists a correlated relationship between the ratio
of conductance change and the applied voltage amplitude. A similar linear relationship
is also observed when comparing the amplitude of conductance change with the initial
conductance state (Fig. 4.3(c)), the fitting slope of the linear dependence also shows a
linear dependence on applied voltage (k o< (V' — V4)). The relationship between AG, Gy
and V' can be generalized to: AG—f x (V = V).

The results indicates that the conductance change before and after RESET not only
depends on the RESET voltage amplitude and time but also on the initial conductance
state. If the current conductance state (Gy) and target conductance state are known, the
required voltage amplitude can be estimated based on the linear relationship mentioned
above. Following this strategy, the pulse time can also be estimated based on the previous
RESET operations applied to the devices. Similar dependence on voltage amplitude and
pulse time of RESET have also be observed on HfO,[123, 1241] and TaO,[20] based RRAM
devices, indicating that this strategy can be generalized to other metal oxide based RRAM
technologies.
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Figure 4.2: 3D mapping of average conductance after RESET versus pulse amplitude and
pulse time, with varying initial conductance states.

4.3 Design of State Aware Multi-bit Write Algorithm

Based on the analysis in the previous section, we propose a state-aware multi-bit write
algorithm, as illustrated in Fig. 4.4. The proposed algorithm is composed of three modules:

e Main body (Fig. 4.4(a)). The main body follows the design of ISPP but taking
the mitigation of fast relaxation into consideration. The programming loop starts
with a read operation to determine the writing direction. If the read conductance
state (G,,) is within the target margin but was terminated with a SET operation, it is
further SET to higher conductance state in the next programming cycle. If RESET is
needed, the writing parameters for RESET are output from the RESET parameter
calculation module. After the SET or RESET operation, the status flag update
module would update the status flags and tune the writing parameters accordingly.
The writing is marked as success only when the conductance state is within the target
margin and the last writing direction (WD) is RESET.

e Status flag update module (Fig. 4.4(b)): This module is designed to fine tune the
programming parameters (mainly for SET operations). It consists of two status
flags: Oscillation and Monotone. Oscillation is defined as when the read current
oscillates around the target current with SET/RESET pairs applied to the devices,
indicating that the bias amplitude of either SET or RESET is too large to fine-tune
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Figure 4.3: (a) Conductance change (AG) versus pulse time, initial conductance state
before RESET is 30 pS. (¢) The conductance change ratio versus the pulse amplitude. (d)
Conductance change versus the initial conductance with the inset figure being the fitting
slope versus the voltage amplitude (average over 30 devices).

the resistance state. Monotone is defined as when the read current consistently stays
above or below the target value, which indicates that the bias amplitude of applied
SET (or RESET) pulse is insufficient to trigger the resistance change. Bias amplitude
of SET/RESET is tuned accordingly if either of the status flag is triggered.

RESET voltage and time calculation module (Fig. 4.4(c)). This module calculates
the optimal RESET parameters based on the linear relationships observed in the con-
ductance modulation study. For each RESET writing, if the conductance difference,
defines as AG = |Gigrget — G|, is within the predefined fine-tune conductance range
(Gpr) and the previous write direction was SET, the voltage remains unchanged. If
AG exceeds Gpr, the voltage amplitude of RESET is calculated based on the linear
relationship between é—f and V. In both cases, pulse time is set as t,,in. If AG is
within Gpr and the previous write direction is also RESET, the new pulse time is

calculated based on the observed logarithmic dependence of pulse time.

An example of the proposed algorithm is shown in Fig. 4.4(d), the monotone and oscillation
flags are triggered in the presented examples, and the tuning of RESET voltage amplitude
as well as the RESET pulse time based on state-dependent calculation is also illustrated.
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Figure 4.4: (a) Flowchart of the proposed multi-bit writing algorithm. (b) Flowchart of
status flag update module. (c¢) Flowchart of RESET voltage and time calculation module.
(d) Example of programming process. The bar height of SET/RESET (RESET time)
represents the voltage amplitude (pulse time) applied. The triggering of monotone and
oscillation status flags are illustrated in the conductance change plot.

4.4 Benchmark of Multi-bit Writing

To evaluate the performance of our proposed state-aware multi-bit write algorithm, we
conducted benchmarks using TiO, devices with initial conductance states randomly as-
signed between 10 uS and 50 uS. The ISPP algorithm used in this work shares the design
of our proposed algorithm but without the RESET parameter calculation module. The
pulse time of RESET in ISPP is fixed at 1 us. The shared parameters between ISPP and
this proposed algorithm are listed in Table. 4.1.

For the RESET parameter calculation module in this proposed algorithm: the fine tune
conductance margin (Gpr) is set as 2.5 uS; the fitting equation used for RESET voltage
calculation is:

Gn - G arge
lG—tgt‘ = ky * (Vreser — Vinin) (4.1)
where k, = —2 V! and V,,;, = —0.6 V based on the measurements mentioned in previous
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RESET start voltage -1 V| Minimum conductance state | 10 pS
RESET voltage step | 0.05 V | Maximum conductance state | 50 u.S

SET start voltage 0.9V Conductance step 2.5 uS

SET voltage step 0.05 'V Conductance margin 0.5 uS
SET pulse time 10 ps Oscillation count max 3
Read voltage 0.2V Monotone count max 4

Maximum writing trials | 300

Table 4.1: Shared parameters between ISPP and proposed algorithm.

section; the fitting equation used for RESET time calculation is:
AG = kg xlog(t) + b (4.2)
the fitting slope k; can be calculated from the last RESET writing:

Gn - Gn—l

ky =
" log(ta—s +ty) — log(ty)

(4.3)

Where G,, is current conductance state, G,,_1 is the conductance state before last RESET
operation and t,_; is the pulse time of last RESET operation. ¢, is set to 100 ns, which
is assumed that no change in conductance would be expected within this time frame for
each writing. The calculated time for RESET would be:

Gn *Gtarget

tn = (6 ky — 1) * th (44)

If the writing direction before RESET is SET, the pulse time of RESET is set to t,,;, =
100 ns. To eliminate the influence of read noise and writing variation, moving average
of the slope k; is used for the calculation of RESET time and the maximum pulse time
applied is capped at 10 us.

To benchmark the multi-bit writing performance of proposed algorithm versus ISPP,
a bit pattern for 4-bit encoding is used. In the designed bit pattern, devices are encoded
from (0000) to (1111) back and forth with varied step size being 1, 2, 4 and 8, this would
help evaluate the performance of multi-bit writing algorithm with respect to state jump,
especially for the intermediate states between (0000) and (1111). The conductance state to
represent (0000) is set as 10 uS and that of (1111) is set as 50 pS, each conductance state
step (one bit step) is 2.5 wuS. The distribution of read conductance after programming is
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Figure 4.5: (a) After programming state distribution of ISPP versus proposed algorithm.
(b) Retention test of 16 conductance states programmed using the proposed algorithm.

shown in Fig. 4.5(a): The proposed algorithm exhibits clear boundaries between states
whereas ISPP shows state overlap at both HCS and LCS. The state overlap in ISPP is
mainly due to reaching the maximum writing trials before the target conductance state is
reached, which originates from repeated writing between SET and RESET to make sure
the programming is RESET-terminated. Multi-bit retention measurement (Fig. 4.5(b))
has also been conducted to demonstrate the long time stability of programmed conductance
states.

Apart from the conductance state distribution, two performance metrics are used to
benchmark the performance: the total RESET time and the total number of writing steps.
The total RESET time of ISPP is calculated as: # of RESET x 1 us, while that of the
proposed algorithm is the sum of RESET time applied. The total programming steps is
the sum of total SET and RESET operations applied to the devices. Both performance
metrics are measured and categorized according to bit steps and encoding directions. For
each combination of bit step and encoding direction, the worst-case scenario (the maximum
number of programming steps or the longest RESET time) of the averaged performance
metric is used for comparison. Fig. 4.6 presents the summarized barplots (grey and orange
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bars) of the two performance metrics against bit steps, with the corresponding encoding
direction indicated below the x-axis of each chart. Compared to ISPP, the proposed al-
gorithm reduces the number of programming steps by more than 2.4X and decreases the
total RESET time needed by more than 2.2X. ISPP incurs a performance penalty when
the step size is small (1, 2 or 4) or when the encoding direction is from HCS to LCS,
highlighting the importance of precise control over writing parameters, particularly the
RESET process, to achieve optimal performance.
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Figure 4.6: Benchmark of number of programming steps and total RESET time between
ISPP, proposed algorithm and quantized proposed algorithm

The proposed algorithm outperforms the ISPP due to its state-aware calculation of
RESET parameters, which is implemented using a parameter analyzer and a PC. The pa-
rameter analyzer samples the conductance state (current) with a 14-bit analog-to-digital
converter (ADC), outputs the voltage waveform through a 12-bit digital-to-analog con-
verter (DAC), and stores all data in a 32-bit floating-point format, all of which are resource-
intensive in real hardware implementations. To assess the influence of ADC/DAC quantiza-
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tion on performance and evaluate hardware overhead, we consider a multi-bit programming
module comprising:

e ADC for current sampling: A 9-bit ADC with a quantization resolution of 50 nA and
a measurement range from 50 nA to 20 pA.

e DAC for voltage output: A 6-bit DAC with a quantization resolution of 0.01 V and
an output range from -0.6 V to -1.2 V.

e Pulse time control: Managed by a RISC-V CPU[121] controlling the number of clock
cycles, with a clock period of 20 ns and an output range from 20 ns to 10 us.

The quantized version of our proposed algorithm is implemented by applying ceiling
function to all parameters (sampled current, pulse voltage amplitude and pulse time) during
programming. The performance of the quantized algorithm is evaluated using the same
performance metrics as described above, and the results (Fig. 4.6, blue bars) indicate that
similar performance is achieved with ADC/DAC quantization loss taken into consideration.
These results demonstrate that the proposed algorithm maintains its advantages even with
limited hardware precision, requiring no extra hardware overhead. Therefore, it is practical
for real-world implementations and can be efficiently integrated into existing systems.
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Figure 4.7: (a) Fast relaxation results and (b) retention results of conductance states after
programming.
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4.5 Electrical Annealing to Mitigate Retention Loss

The proposed algorithm mainly focuses on the optimization of multi-bit programming and
fast relaxation after programming, however, the long term retention loss of the conductance
states has not been addressed. The devices are programmed to 4 different conductance
states (10 pS, 17.5 uS, 25 uS and 32.5 uS) using the state aware multi-bit programming
algorithm. Read voltage is set to - 0.2 V as more severe RT'N behavior is observed when
using read voltage of 0.2 V (the read voltage polarity dependence of RTN remains to be
investigated). The relaxation results and the retention results are summarized in Fig. 4.7.
Minor decay of conductance states is observed during the fast relaxation test, while a
significant retention loss is observed after 10000 s. The retention loss is found to be state
dependent, with the larger conductance states showing more severe retention loss. The
retention loss is also found to be unidirectional, all the states are shifted towards the lower
conductance states (higher resistance states).

1 Voltage Multi-bit Programming Retention Characterization

Retention Read

I
I
I
I
I
I
LN ] I [ XX ] Time
]
I
I
Electrical annealing :
Verify Read I
Relaxation Read 1

Figure 4.8: Customized voltage waveform for electrical annealing.

Similar to the SET induced fast relaxation decay[30, 81, 125], the monotonic drift
and state dependence of the retention loss indicates that the retention loss is related to
the oxygen vacancy around the conducting filament region, especially the dangling ones.
The spontaneous oxidation of the dangling oxygen vacancies is thermally activated, which
leads to the retention loss. Since the process is thermally driven, thermal annealing could
significantly accelerate the retention loss, particularly in the initial stages, where the decay
rate is fastest due to the anti-exponential time dependence of conductance changes. By
expediting this early-stage relaxation, annealing leads to a more stable conductance state,
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making subsequent readings more reliable. However, annealing is usually performed at
elevated temperature, which not practical for real applications.

Therefore, an electrical annealing method based on voltage pulses is proposed to relieve
the retention loss. To overcome this, we propose electrical annealing via sub-SET voltage
pulses, which locally heats the filament region to mimic thermal effects without global
temperature increases. As shown in Fig. 4.8, these pulses are applied after the final
RESET pulse in the programming loop. This method accelerates the relaxation of dangling
vacancies early on, stabilizing conductance faster while avoiding unintended conductance
changes.

The sub-SET voltage pulse width is set to 10 us, the voltage amplitude (0.4 V ~ 0.75
V) and the number of sub-SET pulses (10 ~ 100) are varied. The results show that the
retention loss can be greatly mitigated when the voltage amplitude is set around 0.7 V and
the number of sub-SET pulses is set to 10 (total biasing time = 100 x s). The 4-bit retention
results without and with electrical annealing are shown in Fig. 4.9. Electrical annealing
significantly mitigates retention loss, with conductance states showing minimal degradation
after 1000 seconds. Curve fitting with exponential decay function (% = emp(—%), to is
the time constant) is applied to the retention results, the fitting results show that the time
constant of the retention loss is increased by around 2.5 X after electrical annealing.

The retention loss is mainly caused by the oxidation of the dangling oxygen vacancies
around the conducting filament region. The dangling oxygen vacancies are thermally ac-
tivated, the sub-SET voltage pulses can induce thermal effect to speed up the localized
oxidation of the dangling oxygen vacancies. Moreover, the electric filed direction of the
sub-SET voltage pulses is opposite to the spontaneous diffusion direction of the oxygen
vacancies, which helps to stabilize the dangling oxygen vacancies. The combined effect
of the thermal annealing and the electric field helps to speed up the retention loss and
stabilize the dangling oxygen vacancies, which leads to a more reliable verify reading, and
thus provides a more accurate programming of the conductance states.

4.6 Benchmark of CIM Performance

The electrical annealing helps to mitigate the retention loss of the conductance states,
however, the retention loss, especially for higher conductance states, is still observed. If
the multi-bit devices are used for CIM applications, a periodic refresh operation is needed to
maintain the conductance states. Frequent refresh operations would degrade the endurance
of the devices as well as increase the complexity of the CIM systems. To evaluate the
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Figure 4.9: 4-bit Retention results (a) without and (b) with electrical annealing.

influence of retention loss in CIM applications and how the electrical annealing helps to
elongate the refresh period, a CIM simulation based on NeuroSim is conducted.

It is assumed in the simulation that the CIM chips consist of compute tiles, control
logic and global buffers. Inside the compute tile, the accumulation module and tile buffer
are used to sum up partial sums of processing elements (PE) and output the summing
results. The PE consists of several RRAM arrays, accumulation module, PE buffer and
control logic. Inside the RRAM array: RRAM devices sharing the same wordline are
grouped to represent the weights of the neural network (size of the group depends on the
bit precision of the weights and RRAM devices), the input data is applied to the bitline
and the output summing current is fed to ADC for current/voltage sampling. Limited
by the area of ADC, each ADC is shared by several source lines, the access of which are
controlled by the sourceline switch matrix and column mux. The output of the ADC is fed
to the accumulation module, which carries the shift-add operation and output the partial
sums to the PE buffer for further processing.

In the simulation setup (Fig. 4.10(a), the influence of ADC quantization, the size of the
RRAM array, the shift-add operations inside the RRAM array and summing of the partial
sums inside the PE are considered. The weights of the neural network are quantized to
8-bit and then represented by the conductance states of the RRAM devices (G4, being
1, Gyin being 0). The weight mapping process (Fig. 4.10(b)) includes:
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e Convert the 8-bit floating weight ([—1,1]) to 8-bit integer (]0,255]) through linear
mapping.

e Map the 8-bit integer to (floor(8,mn)) devices (n is the number of bits stored in one
single RRAM device), with each RRAM devices represent n bit. For example, if the
RRAM device stores 2-bit per cell, 4 devices are used to represent the 8-bit integer.
The n-bit integer (w) to be mapped is converted to the conductance states of the
RRAM devices, where the conversion equation is G = % x W+ Guin, G €
[Gmim Gmax]'

e [f the retention loss is considered during the simulation, a conductance degradation
model is used to scale the mapped conductance. Variation model based on gaussian
distribution is also applied to the mapped conductance state based on the input
variation parameters.

e Computation (matrix multiplication) based on mapped conductance states is con-
ducted, and then recover the computation result (based on mapped conductance
state) to the results represented using 8-bit integer ([0, 255]) first, and then to results
based on 8-bit floating number ([—1, 1]).

During the simulation setup, a custom retention model is applied to the conductance
states to emulate the retention loss, the retention loss is assumed to be conductance state
dependent (g—; = exp(—%)) and the time constant (¢y) of the retention loss is the same
across all the devices. The dataset used for the simulation is CIFAR-10, which has 60000
32x32 RGB images, 10000 images are used as the test dateset. Pre-trained VGGS8 model
(Table. 4.2) is used for the simulation, the baseline accuracy of the pretrained VGG8
model is around 92 %. The retention time ¢ is varied from 0.1 s to 10000 s to evaluate the
influence of retention loss on classification accuracy, retention with and without electrical
annealing is compared. The results is summarized in Fig. 4.11, the classification accuracy
of the CIFAR-10 dataset is plotted against the retention time, and the electrical annealing
method helps to elongate the refresh period by 3 X (the refresh standard is set when the
accuracy drops to 80%). The results indicate that the electrical annealing is effective in
mitigating the retention loss of the conductance states and helps to elongate the refresh
period in CIM applications.

The ADC precision and the storage bits of the RRAM devices are also varied to eval-
uate the influence of hardware resources on the classification accuracy. The results are
summarized in Fig. 4.12, the classification accuracy is plotted against the retention time
with ADC precision bits being 5 and 8. The results show that the for multi-bit RRAM
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Figure 4.10: (a) Schematic of the CIM simulation setup. (b) Schematic of the weight
mapping.

devices (bits >= 1), the classification accuracy is less sensitive to the ADC precision, and
the accuracy is mainly determined by the retention time. However, for single-bit RRAM
devices, the classification accuracy is more sensitive to the ADC precision. With the same
retention loss, the accuracy is significantly improved when the ADC precision is increased
from 5 to 8 bits. This is mainly due to the position of ADC quantization in the computa-
tion pipeline: the current flowing through the devices is sampled by the ADC first, then
the quantized results will be shift-add in the accumulation module.

e For 4-bit devices, the summed result is 2* x [I;] + [Io).

o for single-bit devices, the summed result is ZZ:O 20 x [L].

[I;] is the quantized current sampled by the ADC where i represent the bit position, Iy is
the least significant bit. For each sampled current I;, the quantization error (I; —[I;]) of the
ADC would be amplified by 2¢ in the shift-add accumulation module. Single bit devices
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Figure 4.11: CIM simulation results of classification accuracy versus retention time.

would have more quantization error compared to multi-bit devices, leading to the increased
sensitivity of the classification accuracy to the ADC precision. The results suggest that the
adoption of multi-bit RRAM devices would lower the requirement of the ADC precision,
which would increase the compute parallelism and reduce the energy consumption of the
CIM systems.

4.7 Summary

In this chapter, fast relaxation after multi-bit programming is found to be depend on the
write-direction, with RESET preferred as the termination writing direction to minimize
the influence of fast relaxation. State dependent conductance modulation of RESET is ex-
plored, the observed conductance state dependence of voltage amplitude and logarithmic
dependence of pulse time have been proposed to accelerate the multi-bit programming.
Based on these findings, we proposed a state-aware multi-bit write algorithm that ac-
celerates multi-bit programming by incorporating state-dependent calculations of RESET
parameters. Unlike ISPP, our algorithm adjusts the RESET parameters based on the cur-
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Layer (type) | Kernel Size / Number | Output Shape | Param #
Conv2d 3x3, 128 [1, 128, 32, 32] 3,584
Convad 3x3, 128 1, 128, 32, 32| 147,584
MaxPool2d | 2x2 1, 128, 16, 16] -
Conv2d 3x3, 256 [1, 256, 16, 16] 295,168
Convad 3x3, 256 1, 256, 16, 16] 590,080
MaxPool2d | 2x2 1, 256, 8, §] -
Conv2d 3x3, 512 [1, 512, 8, §] 1,180,160
Conv2d 3x3, 512 [1, 512, 8, §] 2,359,808
MaxPool2d 2x2 [1, 512, 4, 4] -
Linear — [1, 1024] 8,389,632
Linear — (1, 10] 10,250
Total params: 12,976,266

Table 4.2: VGG8 Architecture Summary

rent conductance state, target conductance state, and conductance difference. This precise
parameter selection effectively eliminates oscillations between SET and RESET operations.

Experimental validation using 4-bit encoding and designed bit patterns demonstrates
that the proposed algorithm outperforms the ISPP approach, achieving over 2.4 times re-
duction in programming steps and over 2.2 times reduction in total RESET time. Further-
more, we assessed the influence of ADC/DAC quantization loss on the proposed algorithm,
showing that it performs effectively without requiring additional hardware overhead. The
proposed state-aware multi-bit write algorithm provides a practical and efficient solution
for enhancing the performance of RRAM devices in high-density memory applications.

Additionally, an electrical annealing technique using sub-SET voltage pulses is proposed
to mitigate the retention loss of the conductance states, demonstrating a 3X extension of
the refresh period in CIM applications. The proposed algorithm and electrical annealing
method provide a comprehensive solution for enhancing the performance and stability of
multi-bit RRAM devices, making them a promising candidate for CIM applications.
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Figure 4.12: CIM simulation results of classification accuracy with ADC precision bits

being (a)5 and (b)8.
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Chapter 5

BEOL Integration of TiO, based
RRAM Devices on CMOS Chips

5.1 Circuit Design of the Chip

At the design stage of this CMOS chip, the device performance of TiO, based devices has
not been fully optimized, and the device characteristics are not well understood. Therefore,
the design of this chip is meant to be a test vehicle for the integration of RRAM devices on
CMOS chips, and the focus is on the feasibility of the integration process. Therefore, no
sensing circuit is included in the design. T'The chip includes two memory arrays: a 1K-bit
array and a 2K-bit array. The 1K-bit (2K-bit) array consists of 128 word lines, 8 (16) bit
lines, and one source line. The word line is controlled by a 7-bit decoder, and the bit line is
connected to the external signal source. The source line is connected to the ground pin of
the chip.

A two-stage decoder was implemented to minimize input fan-in, the first stage consists
of a 3-to-8 decoder (A0, A1, A2), implemented using 3-input NAND gates, and a 4-to-16
decoder (A3, A4, A5, A6), implemented using a 4-input NAND gate. The second stage
are implemented using 3-input NAND gates, which assembles the combinations of the first
stage outputs and the enable signal to control the output of word lines. The word line is
connected to the gate of the transistor. The transistor has a two-finger structure with total
width being 10 pm to match the programming current of the RRAM devices (the amplitude
of programming current of device at the design stage is around 1 mA). The RRAM devices
is designed to connect with the drain terminal of the transistor, and the source terminal of
the transistor is connected to the source line, which is connected to the common ground
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Figure 5.1: (a) Schematic of Integrated RRAM device on CMOS chip (b) Layout of the
1T1R array.

pin of the chip to minimize the number of pins. During the operation of the chip, the
decoder is enabled by the micro-controller, and the word line is enabled by the decoder
to control the transistor, which in turn controls the current flowing through the RRAM
devices. The bit line with RRAM integrated is probed by the parameter analyzer, the
common ground line is also connected to the parameter analyzer through wire connection.
The voltage applied to the 1T1R structure is controlled by the parameter analyzer, and
the current flowing through the RRAM devices is measured by the parameter analyzer.
To accommodate the need of RESET, the polarity of the voltage applied to the RRAM
devices can be reversed by the parameter analyzer (applying positive voltage to the source
terminal of the transistor and ground the bit line). The supply voltage of the decoder is
also connected to the parameter analyzer to control the saturation current of the transistor,
which in turn controls the compliance current of the RRAM devices.

The chip is designed using the TSMC 180 nm technology, with 4 1K-bit array and 2
2K-bit array included in the chip. The chip is designed to have a size of 3 mm x 4 mm,
the minimum size that can be handled in the EBL system. To leave space for fabrication
handling, all the pins and arrays are placed on the three sides of the chip. Each array has
independent decoder signal (control bits, enable signal and supply voltage), and the source
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Figure 5.2: (a) Layout of the two-finger transistor and the position of the RRAM device;
(b) Layout of the whole chip; (c¢) Layout of the 1T1R array.

line is shared by all the arrays. Except for the pin enablement signal, all the pins used are
analog pins. The pitch size of the pin is chosen to be 60 pum, which is the maximum size
provided by the process library, for easy wire bonding.

5.2 BEOL Integration Fabrication Process Flow

In this design, the RRAM devices are designed to be deposited on top of the M6 layer of
the CMOS chip (Due to miscommunication with the foundry support engineer, a 1 ym x
pm hole was etched through the passivation layer to form connection with the M6 pad, the
high aspect ratio of the hole as well as the non-uniform surface of the passivation layer have
greatly decreased the yield of the devices, the future work should remove all the passivation
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layer in the array region and have M6 pad directly exposed for integration).
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Figure 5.3: BEOL integration process flow of TiO, based RRAM devices on CMOS chips.
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The fabrication process flow of the BEOL integration is shown in Fig. 5.3. The CMOS
chip is ultrasonic cleaned using Acetone/IPA and loaded on the carrier wafer for spin
coating of photoresist. Dummy wafer pieces are assembled around the CMOS chip to
mitigate the edge bead of photoresist during spin coating. Both the chip and the dummy
wafer pieces are fixed on the carrier wafer using E-beam photoresist (baked after assembly)
to avoid contamination of the EBL system. Coated chip is removed from the carrier wafer
(back side cleaned using the acetone) and loaded to the EBL system for patterning. The
bottom electrode is defined using EBL, and the bottom electrode is deposited using a
combination of Al, Ti and TiN. After lift-off of the bottom electrode, a layer of SiOs is
deposited using PECVD on top of the bottom electrode and then patterned using EBL to
define the junction area. Reactive-ion etching (RIE) is used to etch the patterned SiO,
to form the via structure. Another EBL patterning is done to define the shape of the
top electrode, functional layers TiO, and top electrode TiN are deposited on top of the
pre-defined via using reactive sputtering. Lift-off as well as ultrasonic cleaning are done
afterwards to prepare the chip for packaging.
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Figure 5.4: (a) Wire bonding of the chip; (b) PCB board for the chip; (¢) Microscope
image of the probed chip.

5.3 Packaging and Characterization

Fabricated chip are loaded to the 20-pin chip carrier (fixed with the silver paste) and wire-
bonded for pin connection. A custom PCB board is designed to mount the chip carrier and
wire the digital pins to the micro-controller (Raspberry Pi). Power supply as well as the
analog pins are connected through the BNC ports on PCB board to the parameter analyzer
(Keithley 4200A). The whole assembled PCB board is loaded on the probe station, and
the top electrode (bitline) of the integrated devices is probed using the probe station.

During measurement, the micro-controller sends out signals first to enable the pins of
the chip and the decoder, the parameter analyzer is then used to apply supply voltage
to the decoder. The source terminal of the enabled transistor is grounded, a sweeping
voltage is applied to the top electrode (bit line) of the integrated device to electrically
form the device first. As can be observed from Figure. 5.5(a), after the current jump of
forming, the voltage drop across the device is shifted to the transistor due to the sudden
resistance decrease, making the transistor work in its saturation region and help limit the
current flowing through the device. By adjusting the supply voltage and bias direction,
the integrated devices can be RESET (Figure. 5.5(b)) or SET (Figure. 5.5(c)) with the
transistor functioning as the compliance current source.
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Figure 5.5: -V characteristics of the integrated RRAM devices. (a) Forming process of
the device; (b) RESET process of the device; (¢) SET process of the device.

5.4 Summary

This chapter presents the back-end-of-line (BEOL) integration of TiO,-based RRAM de-
vices on CMOS chips. The chip was designed using TSMC 180 nm technology, with simpli-
fied circuitry tailored for integration feasibility rather than functional operation. Detailed
fabrication steps—including EBL patterning, metal deposition, via formation, and RRAM
stack deposition—were successfully developed and implemented.

Electrical characterization of the 1T1R structures demonstrates reliable switching be-
havior, validating both the device integration process and the role of transistor in current
compliance. The presented BEOL methodology can be generalized to integrate other
emerging memory or sensor devices with CMOS platforms, enabling broader adoption of
post-CMOS hybrid systems for compute-in-memory applications.
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Chapter 6

Conclusions and Future work

The work presented in this thesis has focused on the development of TiO, based resistive
switching devices, with a special focus on its applications in Compute-In-Memory. The
project starts from the continuous optimization of TiO, based devices, which includes de-
vice structure, fabrication process flow, material growth and interface engineering. With
over 200 batches of devices fabricated, the project has achieved a high yield of devices with
good performance, starting from a 30 x m x 30 g m Pt/TiO, /Pt device with yield less than
10 %, forming voltage larger than 5 V and operation current larger than 1 mA, ending with
a 400 nm x 400 nm TiN/TiO, /TiN with yield larger than 95 %), forming voltage less than
1.5 V and operation current smaller than 100 uA. Based on well-optimized devices, a state
aware multi-bit programming algorithm have been proposed and demonstrated, which can
achieve 4-bit per cell programming with programming speed more than 2.2 times faster
than the state-of-the-art algorithm. The developed multi-bit writing algorithm has enabled
us to evaluate the multi-state stability of TiO, based devices, based on which a electrical
annealing method is proposed to mitigate the long term retention loss of multi-bit pro-
gramming, which is essential to the application of CIM. The project has also explored the
integration of TiO, based devices with CMOS technology, and demonstrated the feasibility
of BEOL integration of TiO, devices on tape-out CMOS chips using university fabrication
facilities. The BEOL integration method paves the way for the future development of CIM,
and can be generalized to other technologies that are not compatible with CMOS process.

Despite the achievements, there are still many challenges to implement RRAM based
CIM in real-world applications. In the following sections, future works will be discussed in
three aspects: device optimization, hardware aware CIM design and system level integra-
tion.
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6.1 Device Optimization

The primary focus of the device optimization of this work has been on increasing the
resistance of the resistance states to lower down the energy consumption during CIM
computing, another important metric that need to be focused is the programming current,
which determines the write energy consumption as well as the size of the transistor in 1T1R
structure (larger area is needed to accommodate the larger programming current). Scaling
of programming current based on previous efforts (including thickness scaling and interface
engineering) has come to a bottleneck, where marginal benefit is achieved despite complex
design of device parameters. New insights are needed to further reduce the programming
current.

Based on previous work on scaling of forming voltage, the formation of conducting
filaments is a two step process, where the first step is the nucleation of oxygen vacancy and
second step is the horizontal expansion of conducting filaments. To minimize the operation
current, it is preferred that the forming stops at the first step, with which movement of a
only few atoms is needed to control the resistance state. However, the two step process is
regarded as a convolution process, making it hard to decouple them simply using external
parameters like the amplitude of forming voltage. One possible solution is to insert a thin
layer of insulating material below the top electrode, the pin-hole of the thin layer will act
as a nucleation site for the conducting filament, which can be used to control the diameter
of the conducting filament. Our previous trial of inserting AlyO3 at the top electrode
has already shown promising results, the programming current of both SET and RESET
operation is reduced by 1 order of magnitude (SET: ~ 200pA -> ~ 20p A, RESET:
~ 300pA -> ~ 10pA). One additional benefit is that the resistance of HRS and LRS is
also increased, which further proves our assumption that the diameter of the conducting
filament is reduced. However, the insertion of Al,O3 also brings some challenges, including
the increase of the forming voltage and instability of the device performance. Optimizations
including the thickness of Al;O3 and the interface between Al,O3 and TiO, need to be
further studied.

Another possible solution to reduce the programming current is through thermal con-
finement method. The thermal confinement method is based on the fact that the rupture of
the conducting filament is thermal assisted process, where the temperature of the filament
is increased by the Joule heating. By using electrode with lower thermal conductivity, the
heat generated by the Joule heating is confined in the device region, which can help increase
the localized temperature of the filament and reduce the programming current needed. In-
spired by the thermal confinement work of phase change memory[l20, |, TaN can be
used as the potential candidate for the bottom electrode, which has lower thermal con-
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ductivity compared to TiN. The thermal confinement method can be combined with the
insertion of Al;O3 to further reduce the programming current. One interesting fact is that
the latest device structure of TSMC’s RRAM is using TaN as both the top and bottom
electrodes, although the motivation behind is not clear, it may be related to the thermal
confinement effect.

Apart from the material stack optimization, the device optimization can also be achieved
through the optimization of the device structure and fabrication process flow. Via struc-
ture is chosen as current device structure due to its scalability and fast prototyping speed.
However, there are still some drawbacks of such design:

e The presence of photoresist for top stack (TiO, and top TiN) patterning limits the
possibility of using high temperature process for the switching layer and the top
electrode, such as using atomic layer deposition (ALD) for the switching layer and
the top electrode.

e The contamination of the bottom electrode during the fabrication remains a puzzle
despite the efforts of cleaning the substrate using Ar and Ny plasma.

e Si0, is used as the passivation layer between the bottom electrode and the top
electrode. The presence of oxygen in the SiO, layer may cause the oxidation of the
TiO, layer during the operation of the device, which may result in the degradation
of the device performance.

To solve such issues, pillar structure can be adopted for material stacks that are well
explored, such as the TiN/TiO, /TiN stack. Fabrication recipe, especially the whole stack
etching, needs to be optimized to ensure the high yield of the devices. The pillar structure
can help enable the high temperature process for the switching layer and the top electrode,
and the contamination of the bottom electrode can be avoided if all the materials can be
deposited in one chamber (such as in the sputtering chamber). Passivation layer like SiN
can be used to replace SiOs to avoid the sidewall oxidation of the TiO, layer.

One last direction of device optimization is to use TiO, based devices as a platform for
new physics, especially the RTN behavior observed in HRS. The RTN behavior indicates
that the conduction of HRS consists of a two-level system, deeper understanding of such
behavior can help provide new insights for the design of RRAM devices. Another interest-
ing direction is to enable the operation of TiO, based devices at cryogenic temperature.
The MIM structure of TiO, based devices is similar to the tunnel junction of SQUID,
which is a key component of quantum computing. Since the TiN electrode is a supercon-
ductor, if the device can operate at cryogenic temperature, we can tune the Josephson
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effects between the two electrodes by switching the resistance state of the device. Our ini-
tial trial of operating the device at cryogenic temperature has shown that the no switching
behavior is observed possibly because the oxygen vacancy migration is suppressed at low
temperature ( ~ 300mK). No Josephson effect is observed in the device, which may be
due to the poor quality of the TiN electrode. Further optimization of the device structure
is needed, additional materials like NbTiN can be used as the electrode to enhance the
superconducting properties of the device.

6.2 Hardware Aware CIM Design

Our proposed electrical annealing method help to mitigate the retention loss of multi-bit
programming, however, the fitting results show that the long term retention loss is still not
fully mitigated, the degradation of the classification accuracy still exist as the electrical
annealing method cannot change the intrinsic properties of the device. Despite the efforts
of the device optimization, the retention loss of multi-bit programming is still a challenge
for the application of CIM.

For convolution neural network, conventional method would map the kernel weights
(filter) to the CIM array, during which process the weight values are quantized to the
resistance states of the device. The quantization process normally uses a linear mapping
method, where the resistance states are equally divided to represent the weight values.
However, the distribution of the weights of a well-train neural network is not uniform (most
following Gaussian distribution), the majority of the weights are concentrated around zero.
The linear mapping method would result in a large number of weights being mapped to
only one or two resistance states, the retention loss of these resistance states would shift
the whole distribution of the mapped weights, which would result in a large classification
accuracy loss. Compared to linear mapping, a non-linear weight mapping are needed to
mitigate such issue. One possible solution is to use LRS, which suffers more from the
retention loss, to represent weights close to 1 or -1, and use HRS to represent weights close
to 0. Based on this assumption, instead of having one 1T1R cell to represent one weight,
two 1T1R cells or a 2T2R cell are needed to represent the negative and positive value of
the weight.

Another challenge for RRAM based CIM is the re-configurability for different appli-
cations. The researches on RRAM based CIM starts in the era of CNN and ResNet,
which are the most popular neural network architecture for image recognition, with the
core structure of neural network being the convolutional layer. However, the trend of
neural network architecture is rapidly changing, with the introduction of new architecture
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like Transformer, which is the core structure of LLMs, how can the RRAM based CIM
be re-utilized for new architecture is still a open question. Compared to digital ASICs,
redesigning RRAM based CIM requires not only the change in architecture but also the
change in the peripheral circuits, which is time consuming and costly. To solve such issue,
more efforts are needed in the compiler side, where the compiler can automatically map the
neural network architecture to the RRAM based CIM, and optimize the mapping based
on the hardware properties of RRAM devices.

6.3 System Level Integration

One of the motivations behind our efforts of BEOL integration of TiO, RRAM devices on
CMOS chips is to enable the silicon demonstration of RRAM based CIM, in the form of
a CIM Macro that contains the RRAM array, peripheral circuits and the communication
interface:

e RRAM array: The base unit of the RRAM array is expected to be the 1T1R cell,
other variants like 2T2R cell and 1T4R cell can be explored based on the upper-level
CIM design. The device area of the RRAM devices is expected to be around 200 nm
x 200 nm, with the total area of one 1T1R cell being around 1 ym x 1 pum (if the
CMOS chip is fabricated using the 180 nm technology node). Limited by the yield
of the RRAM devices, the size of the smallest sub-array is expected to be 32 x 32.
Larger array size can be achieved by tiling the sub-array, in the form of H-tree or
mesh network.

e Peripheral circuits: The peripheral circuits of RRAM based CIM include the sense
amplifier, the ADC/DACs, the write driver, the read driver and the address decoder.
Researches on RRAM based CIM[121, | have shown that the peripheral circuits
takes up a large portion of the total area of the CIM Macro, with the sense amplifier
and the ADC/DACs being the most area consuming components, even larger than
the RRAM array. Options like self-terminated writing can be explored to minimize
the area of the peripheral circuits.

Apart from the design of the CIM Macro, the development for the test setup for the
CIM Macro is still missing. Our previous trial of using the parameter analyzer to test
the 1T1R cell has been proved to be inefficient, lack of programming flexibility and pulse
measurement channels (only 2 channels are available) limits the characterization speed of
the devices. A FPGA based test setup is needed to enable the high speed testing of the
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CIM Macro as well as the characterization of single devices. The FPGA based test setup
is expected to have the following features:

e Integrated sensing circuits: Dedicated high speed and high precision ADCs are needed
to enable the high speed sensing and writing of the RRAM devices. The ADCs should
be able to support the operation of the RRAM devices with speed larger than 100
MHz (10 ns sample time), and the resolution of the ADC/DACs should be larger
than 10 bits to support the multi-bit programming of the RRAM devices.

e Integrated writing circuits: The writing circuits should be able to generate the arbi-
trary pulse shape needed for the programming of the RRAM devices (such as electri-
cal annealing method). The writing circuits should be able to support the operation
of the RRAM devices with speed larger than 1 GHz (minimum time segment being
1 ns), with the output voltage of the writing circuits being larger than 3 V and the
output current being larger than 1 mA.

e Integrated row/column decoder: Before the integration of the RRAM devices with
the CMOS chip, array level of testing is needed to characterize the yield of the RRAM
devices, the row/column decoder is needed to enable the high speed testing of the
RRAM array.

The channel number of the sensing and writing circuit should be larger than 3 to enable
the biasing of the source, drain and gate terminal of the 1T1R structure.
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