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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 TiOx-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 TiOx-
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 TiOx-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-
cial intelligence demand increasingly aggressive on-chip cache integration|a trend that

is unsustainable under current technology projections. The slowdown in memory density
scaling a ects 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)[14] 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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Figure 1.1: (a) SRAM cell size[1, 2] and (L2 + L3) capacity of CPU versus technology
node. (b) Comparison of LLM model size and compute capacity of GPU versus Year.

technologies enables the high integration density of the devices. Moreover, the non-volatile
nature of the emerging memory technologies lls 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 e ciency of the system. With the development of arti cial
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 2) | Density (Gb/mm 2) | Endurance | Retention
SRAM 120 0.1-0.5 unlimited Volatile
DRAM 6-8 1-2 106 Volatile
NAND Flash 4.5-5.5 1-3 10° - 1 | >10 years
STT-MRAM 20-50 0.5-1 > 1012 >10 years
RRAM 4-10 1-2 >10° >10 years
PcRAM 5-10 1-2 > 1P >10 years
FERAM 6-8 0.5-1 >1010 >10 years

Table 1.1: Comparison of Memory Technologies[12]

puting unit, has been found to be ine cient for the large-scale MVM computation, which
requires frequent data movement between the memory and the computing unit. The data
shu ing between the memory and the computing unit increases the computation delay
as well as the energy consumption, which is not desirable for the energy e ciency 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
classi ed 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 (Hfg}4],
Ta,05[18], TiO,[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, 24], the
choices of the electrodes determines the switching type of the RRAM devices ( lamentary
or interface) as well as the switching performance of the devices. The lamentary 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 lament of the lamentary 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, 26].

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 di usion 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 laments
inside the switching layer, the formation and rupture of conducting laments 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 eld 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
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Figure 1.2: (a) Schematic of the device structure of RRAM devices. |-V characteristics of
unipolar (b) and bipolar (c) resistive switching devices[3]. |-V characteristics of lamentary
(d)[4] 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,

, 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 e ciency. 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[34].

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 pro le (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[19] 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[40],
which includes the lament nucleation process and growth process. At low compliance
current (< 0.1 A), 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 A), 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. Dierent strategies have been proposed, which includes
incremental pulse time, incremental voltage, two-step forming (page forming)[41] and self-
terminated forming. The incremental pulse time and incremental voltage method[42, 43]
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Figure 1.3: (a) Schematic of two-stage forming process[6]. (b) Schematic of SET and
RESET process[/].

depends on the verify step to detect the forming completion, and increase the pulse time or
voltage amplitude accordingly. Both methods are energy ine cient 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[41] 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[44] methods uses negative feedback (current) to ag the forming completion, which
is more energy e cient 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 ( lamentary switching) or re-oxidize the switching
layer (interface switching)[45]. 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)[46, 47, 48, 49],
which would lead to conduction lament 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
lament (10 nm)[50] is much smaller compared to the device size (1001000 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 owing through the conduction channel would promote the oxygen ion di usion,
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
laments. 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 lament is reconstructed[54]. Due to the corona discharge e ect of
the conducting lament 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 lament).
Di erent from RESET, the SET process is a electric eld driven process, critical eld 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 dierent
switching mechanisms behind: thermal induced di usion VS electric eld driven migration.
The endurance of RRAM is de ned 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 POcycles[58, 59, 60], which is comparable to the endurance
of phase change memory and NAND Flash. The degradation of endurance of RRAM
devices can be classi ed into three scenarios[61]: 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, 63],
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 de ned 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 lament by surrounding oxygen ions, which is a thermally activated
process[64]. 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[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
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the amplitude and polarity of the read voltage[66, 67], 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-o 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].

Figure 1.4: Benchmark of retention of RRAM devices at di erent ambient temperature[S].

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, e ective 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 di erence ( R)
between the measured ondx{) and the target valueRget: R = Rj  Riarger. The writing
direction of the next programming step is determined by the resistance di erence R),

if R > 0, a SET operation is applied, if R < 0, a RESET operation is applied[70, 71].
Di erent strategies have been proposed to tune the writing parameters of SET/RESET
for the next programming step, which can be categorized as: xed pulse time and voltage
and incremental pulse time/voltage.

" The xed pulse time and voltage method is the most straightforward method, which
applies a xed 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
ine cient and time consuming, and the programming e ciency is dependent on the
choice of the xed writing parameters, which is hard to determine with the existence
of device-to-device variation and cycle-to-cycle variation. Despite that, researches on
xed 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.

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 xed 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 con guration, the tuning of SET has gate
voltage as the tuning parameter while keeping a xed 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 e cient 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 xed 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 de ned 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 di usion and recombination at
room temperature. Thermal capping layer on top of switching dielectric layer have been
found to be e ective to suppress the short term relaxation[S82], dierent programming
strategies have also been reported to mitigate the in uence. 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. Dierent 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 arti cial intelligence including deep learning and large lan-
guage model (LLM) has called for more e cient 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 ine cient 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 e ciency
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 di erent memory technologies includ-
ing SRAM[E6], DRAM[87], PCM[88], FeRAM[15] and RRAM[89, 90] have been proposed,
among which RRAM based CIM shows its advantages in energy e ciency and scalability
due to its non-volatile nature and higher integration density. The working principle of
RRAM based CIM is based on Kircho 's current law, wherel = V, G;, the current
owing 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 in uence of
the leakage current, which is e ective for small-scale array<( 1k bit)[94]. To suppress
the leakage owing 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 con guration, 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 con guration 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
con guration including 2T1R[100] and 1txR k  2)[101, : ] have been proposed to
further improve the computing e ciency and memory density of RRAM based CIM.

The sensing of the summing current of the memory array is critical for the e ciency
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and accuracy of the MVM operation, di erent approaches have been proposed, including
the current mode sensing and voltage mode sensing.

" Current mode sensing is the most straightforward method, which converts the sum-
ming current to voltage signal using current sense ampli er[/5]. However, with the
increasing size of the memory array, especially for multi-bit RRAM devices, the cur-
rent mode sensing is not e cient due to the large current owing through the bitline
as well as the longer sampling time needed, which increases the energy consumption
of the system and leads to non-ideal e ects 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.

Compared to current mode sensing, voltage mode sensing normally utilizes a sampling
capacitor to convert the summing current to voltage signal\( = ITdt)[ , 11]. The
voltage stored in the sampling capacitor is further sampled by ADCs and pass to
next stage for further processing. The voltage mode sensing only require xed time
sampling of the summing current, which is more energy e cient 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, ], 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 e cient 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
e ciency 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:

" 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 1& endurance cycles, RRAM devices from top foundries including
TSMC and Intel only have endurance of around fOcycles 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.

" ONJ/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 K ) 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 e ciency. Large bitline current also leads to
non-ideal e ects 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.

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 in uence
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 di usion 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:

" Bipolar resistive switching of TiQ, 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 TiQ 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 T\CRRAM 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 N, 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 e ectiveness of the algorithm in improving the programming e ciency 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 di usion
and recombination, which in turn is proved to e ective in mitigating the long terms
retention loss, especially for high conductance states. The in uence of retention loss
of CIM is evaluated using simulation, which shows the e ectiveness 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
ow 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 (Hfp, 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 behaviorjmaking it a compelling candidate for memory
applications.

Unipolar resistive switching[109] and bipolar resistive switching[110] behavior have both
been reported on TiQ based devices, it has also been found that Ti(based devices with
bipolar resistive switching behavior can be transitioned to unipolar resistive switching
behavior by increase the compliance current during operation. While TiObased 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, TiQ based resistive switching devices can
also be categorized into interfacial switching and lamentary switching. For interfacial
switching devices, the concentration of oxygen ions around the metal/oxide interfaces is
modulated by applied electric led, which would in turn change the interface barrier,
leading to the resistance change of the devices[19, ]. Compared to lamentary 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 Tij®ased devices and the
switching mechanism is lamentary switching.

2.1 Device Fabrication and Characterization

The TiO4 thin Ims 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 10 & torr, and the deposition pressure is 3 mTorr. The ow rate of Ar is xed at 30
sccm, and the ow rate of Q is varied to control the oxygen content in the TiQ Im.
The sputtering power is xed at 200 W, and the deposition time is varied to control the
thickness of the TiQ, Im. To minimize the batch-to-batch variation, a 2 inch Ti target is
speci ed for the growth of TiO, and the oxidation layer on the Ti target after each TiQ
deposition need to be removed by sputtering the target with pure Ar plasma. The vacuum
level of the sputtering chamber need to be smaller thare3® 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)
ArO,=30: X2 X 12)
Gas pressure: 3 mTorr
Pre-sputtering time: 10 min
TiN Reactive sputtering| Deposition power: 100 W (1.5 inch Ti target)
ArrN, =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 TiQ 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 10 8 torr, deposition pressure being 3 mTorr,
ow rate of Ar is 30 sccm, sputtering power of 30 W). The thickness of the Pt electrode
is xed at 30 nm. However, the poor adhesion of Pt to the TiQ 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 exibility 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 beirg3 10 & torr, deposition pressure being 3
mTorr, ow rate of Ar is 30 sccm, ow rate of N, is varied to control the nitrogen content
in the TiN Im, sputtering power being 100 W).

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:

" 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 rst, 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 m 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.

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 ow can be easily integrated into the CMOS process ow. 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 pro le distortion.
The process temperature of the etching process can also a ect the properties of the
switching layer.

Via (Fig. 2.1(c)): Similar to the fabrication process of the crossbar structure, the
bottom electrode is patterned rst for electrode connection, and a passivation layer
(such as SiQ 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-0 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 m patterns) and
reactive-ion-etching (RIE) process. Due to the selectivity of the RIE process of Si@
TiN, the bottom electrode is not a ected during the via etching process. After RIE etch-
ing, the wafer is patterned again using optical lithography to de ne the shape of the top
electrode. The fabricated 3-inch wafer is diced into small chips (1 cm 1 cm) 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-o 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 preampli er/switcher (RPMSs).
Two of the mid-voltage SMUs (SMU1 and SMU2) are equipped with pre-ampli ers to
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Figure 2.2: Fabrication process ow 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 con gured to switch the measurement
units. RPM1-1 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 di erent
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:

" Dielectric leakage current test: A voltage sweeping from\M0! 1V ! 0V ! v !
OV is applied to the devices to measure the initial resistance of the devices, compliance
current being e 6 or 1le 7A is applied during the measurement.

" Forming test: A voltage sweeping fromW !  Vioming ! OV with compliance current
being |l comp is applied to FORM the devices. The amplitude oVoming and | comp are
tuned accordingly (start with low | comp, increasel comp rst then Vioming until the
devices is formed).
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Figure 2.3: Fabrication process ow of the via structure.

RESET test. A voltage sweeping from @ ! Vgeser ! OV with no compliance
current applied is applied to RESET the devices. For the rst few measured devices
( 20) of each batch, the amplitude olgeser 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.

Sweeping test: A voltage sweeping fromM0 Vser OV Vreser 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.

" 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.

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 classi ed 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 Inuence of Electrode Material

Devices with pillar structure (Pt/TiO ./Pt) are initially fabricated to explore the resistive
switching behavior of TiQ, based devices. The devices are rstly fabricated based on the
pillar structure and the smallest device areais 4m 4 m. 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 TiQ layer, the forming step breaks the Schottky barrier
and allows the voltage to be applied to the TiQ 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/TiOy
interface, which hinders the formation of the conducting lament. 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 Si®
deposition requiring 300 C ambient temperature) during fabrication leads to uncertainties
in conditioning of the TiOy 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 fn 4 m. Devices
with material stack TIiN/TiO /Pt, Pt/TiO /TIN, PtY/TIiO /Pt and TIiN/TiO /TiN are
fabricated to explore the in uence of the electrode materials. Pt/TiQ/Pt devices su er
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-

25



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 |-V of the three material stacks are shown in Figure. 2.6. For TiN/TiQ/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 4 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) PUTIQJ/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 Inuence of Oxygen Ratio

The oxygen vacancy inside the TiQ layer plays an dominant role in the formation of
conducting laments and the performance of the devices. There are many ways to introduce
oxygen vacancies in the TiQ 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 rstly investigated by varying the oxygen ratio during the deposition of
TiO layer. The oxygen ratio is varied by changing the ow rate of @during the deposition

of TiO layer, the ow rate of Aris xed at 30 sccm, and the ow rate of O, is varied from
1.5 sccm to 12 sccm. The deposition power is xed 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 ow rate of oxygen
ratio is layer than 8 sccm.

Devices with O, ow rate of 1.5 sccm, 4 sccm and 6 sccm are fabricated using the
via structure, the thickness of the TiQ layer is xed 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 sccm devices, which suggest that TiQwith lower oxygen ratio su ers from leakage
current. Devices with 1.5 sccm 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 ()
1.5 sccm 1.17 70 K
4 sccm 15 43.4 K
6 sccm 1.49 116.2 K

Table 2.3: E ects of oxygen ratio on the forming voltage and HRS resistance (The thickness
of TiO4 is 5 nm).

Devices with lower oxygen concentration (Ar/Q =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 TiQ with di erent oxygen ratio is proposed. The
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