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Abstract

With the continuous scaling of transistor devices reaching their physical limits, emerging
non-volatile memory (eNVM) devices such as resistive random-access memory (RRAM) is
considered one of the alternatives to maintain growth in semiconductor technology as pre-
dicted by Moore's law. Meanwhile, it is becoming di cult for the traditional von Neuman
architecture to meet the continuous growing demand of computation power in integrated
circuit (IC) applications. New data processing scheme such as neuromorphic network are
attracting great interests in both research and industry. RRAM, as a type of eNVM and
resistive switching device, possesses the advantages of compact size, high switching speed,
low programming voltage, large ON/OFF resistance ratio and compatibility with cur-
rent complementary metal-oxide-semiconductor (CMOS) fabrication process. It has been
studied extensively in implementing large scale random-access memory (RAM) array and
arti cial neural networks (ANNS). In this thesis, a novel RRAM-based circuit is presented
to achieve high density and highly energy e cient memory system, with tunable delay
element (TDE) for reference signal generation. A parallel-RRAM structure is proposed to
address the serious issue of RRAM intra-cell and inter-cell switching variations in terms
of programming voltage and resultant resistance after the programming process. RRAM-
based neuromorphic network is also explored through device and circuit level innovations.

For the RRAM-based memory system, a current race (CR)-based ternary content ad-
dressable memory (TCAM) circuit design is proposed using RRAM technology. The sug-
gested design adopts a match-line (ML) booster feature in sensing ampli er to improve
search speed and tolerance to RRAM switching variations. Two cascading schemes, direct
cascading (DC) and SR-latch cascading (SRC), are proposed to further improve perfor-
mance and energy e ciency for large TCAM array. The DC structure features high noise
margin while SRC structure improves search speed. Additionally, a same clock phase cas-
cading (SCPC) scheme is proposed to reduce latency in cascading structure, by placing
evaluation phase of all stages in the same clock phase. With the suggested ML booster, the
64-bit 1-stage design has speed and energy consumption matching the best performance
reported by other eNVM-based TCAM design. The proposed 128-bit 2-stage design also
has comparable speed and energy to SRAM-based TCAM design with signi cantly more
compact size (90% reduction) and non-volatility.

Meanwhile, a TDE design with delay range from 100ps to 1ns is proposed, which
can be used in TCAM design for reference signal generation. Impacts of RRAM resistance
on delay range and power consumption of the circuit are analyzed. An improved parallel
RRAM TDE circuit is also proposed to reduce impact of switching variation of RRAM
device and provide ner tunable delay resolution.



The last part of this study is focusing on RRAM-based neuromorphic networks, two
RRAM devices are presented and reviewed: 2D3-based and CuzZnSe (CZSe)-based. The
capacitive-coupled ApO3-based RRAM is used in design simulation of a leaky-integrate
and re (LIF) neuron circuit. It can provide post-fabrication tunability of leakage rate,
improving exibility of circuit design. The CZSe-based device demonstrates concurrent re-
sistive switching and light activated conduction e ect. Its synaptic behavior is investigated
and used in simulating an ANN for pattern recognition. The simulated results indicate
high output accuracy from the ANN.
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Chapter 1

Introduction

During the last few decades, the continuous scaling of Metal-oxide-semiconductor Field
E ect Transistor (MOSFET) has led to exponential growth of the numbers of transistors

on dense Integrated Circuit (IC) with a drastic decrease in cost per transistor, as predicted
by Moore's law. This was enabled rstly by dimensional scaling of the transistor geometries
and then followed by e ective scaling through the introduction of technologies such as strain
engineering [1], high-k dielectric materials [2], multi-gate structures [3]. However, even with
the technological innovations in materials, process, devices, as well as Design-technology
Co-optimization (DTCO), technology scaling is inevitably coming to an end due to many
challenges. For example, aggressive scaling leads to shortening of Field E ect Transistor
(FET) conducting channel and severe short-channel e ects, which result in increase of
sub-threshold slope and increase of leakage current [4]. Consequentially, power and power
density in an IC chip are rapidly increasing, resulting in degraded power-performance
trade-o as well as severe thermal and reliability issues. Process variations also increase
to a level that designers need to deal with them in physical design as scaling continues [5].



Figure 1.1: Growth microprocessor in terms of transistor counts, performance, frequency,
power and number of logic cores. Figure is taken from [6].

Figure 1.2: CMOS scaling trend: size of SRAM, Contacted Gate Pitch (CGP) and Metal
1 pitch. Figure is taken from [7].



Di erent technologies [1, 2, 3, 4, 5, 8, 9, 10] have been proposed to resolve issues
introduced by MOSFET scaling in order to sustain the growth predicted by Moore's law.
Meanwhile, researchers are also actively exploring solutions at every level, such as new
devices, novel materials and integration processes, innovated circuit design and system
architectures, as well as co-design and co-optimization across these levels [11]. Among all
the e orts, Random-access Memory (RRAM) stands out as a promising target of research.
As a type of emerging Non-volatile Memory (eNVM) device, RRAM's main advantages
can be summarized as follow, which demonstrates that it has great potential to be used in
large memory array integration:

Low programming voltage [12],

Low write time [13],

Large high/low resistance ratio [14],

Small cell area with potential of high density integration [12],

Compatibility with Complementary Metal Oxide Semiconductor (CMOS) transistor
technology [11].

In addition, RRAM has the potential in implementing innovative computing architec-
ture. In the conventional von Neuman Architecture, the Central Processing Unit (CPU)
needs to be constantly loading data from and storing data back to a Dynamic Random-
access Memory (DRAM). Even though the multiple level of cache memory can be im-
plemented on the CPU side to improve latency performance, the limited bandwidth data
transmission between CPU and DRAM is still constraining the overall performance of a
system built with this architecture. Furthermore, the performance scaling of CPU (2 per
2 years) and memory (2 per 10 years) are out of balance [15]. This performance gap is
another roadblock for further improvements of von Neuman computing system as a whole.



Figure 1.3: von Neuman architecture

While the bottleneck of von Neuman Architecture is becoming a major drawback pre-
venting further advance of computation system, neuromorphic computing based processors
have been claimed as an alternative. Examples are IBM TrueNorth [16], Intel Loihi [17]
and Google TPU [18]. These processors have their architecture optimized for matrix mul-
tiplications in neuromorphic computers. They are known to have energy-delay product
performance well exceeding traditional computing architecture. As a non-volatile memory
device with resistive switching behavior, RRAM are observed by studies to have synap-
tic behavior [19, 20, 21]. Furthermore, it is compatible with the current complementary
CMOS fabrication process. Therefore, it becomes a sound candidate for building neuro-
mophic computing based IC solution.

1.1 Scope of Research

In this study, | have explored RRAM-based device and circuit for memory (in particular,
for Ternary Content-addressable Memory (TCAM) systems) and neuromorphic applica-
tions. For the memory application, a TCAM with Current Race (CR)-based Match-line
Sensing Ampli er (MLSA) is proposed with high performance, energy e ciency and area
bene ts. To improve tolerance to RRAM switching variation, a compact Match-line (ML)
booster is introduced. Meanwhile, an RRAM-based Tunable Delay Element (TDE) circuit
is presented, which can be used in TCAM design to tune the timing of reference control
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signal. An improved parallel RRAM TDE is also proposed, to reduce impact of RRAM
switching variation to TDE performance and improve achievable delay resolution.

Design methodology of cascading multiple stages of TCAM is also investigated for
implementing RRAM-based TCAM with large word size. Two di erent cascading hardware
structures are proposed and investigated: MLSA Direct Cascading (DC) and SR-latch
Cascading (SRC). A Same Clock Phase Cascading (SCPC) technique is also introduced to
reduce output latency of TCAM circuit with cascading structure. Design of the TCAM
and TDE circuit is done using the Cadence Virtuoso design platform. Performance of the
circuit designs is evaluated through simulation with Spectre circuit simulator in Cadence.

For neuromorphic applications, RRAM devices with novel behaviors besides the con-
ventional resistive switching are explored as part of this thesis. A AD3-based RRAM
with intrinsic capacitive e ect is studied and analyzed for usage in neuron model circuit
design. Device characteristics are extracted from measurement of physically fabricated
device. The results are then used to design Leaky Integration-and- re (LIF) neuron circuit
in Cadence Virtuoso and evaluated through simulation with Spectre. A CuZnSe (CZSe)-
based device is also evaluated in synaptic behavior for usage in building Arti cial Neural
Network (ANN). Device characteristics are also obtained from measurement of fabricated
device. The measurement data is then used to simulate synaptic behavior in ANN model
developed in Python. E ect of illumination on this CZSe-based device is also reviewed.

1.2 Organization

This rest of this study is organized as followed. Chapter 2 consists of review of current
research trend in application of RRAM in traditional IC and innovative applications. In
Chapter 3, a CR-based TCAM design using RRAM with a ML booster is proposed with
an RRAM-based TDE circuit proposed to tune timing of reference control signal in TCAM
system. In Chapter 4, the TCAM design proposed in chapter 3 is further explored by cas-
cading multiple TCAM stages and aiming for high-speed and energy-e cient applications.
In chapter 5, a Al2O3-based and a CZSe-based device are analyzed in their potential
for usage in neuromorphic computing. E ect of light on the CZSe-based device is also
reviewed.



Chapter 2

Related Work

2.1 Memristor and RRAM

The idea of memristor was rst proposed by Chua in 1971 as a theoretical two-terminal
electronic device in addition to the existing three classical elements: resistor, capacitor
and inductor [22]. Its voltage-current relationship can be characterized by the following
Equation (2.1). MemristanceM (q) is characterized by Equation (2.2) where ux (t) and
chargeq(t) represent accumulation of voltage and current respectively. Therefor®] ()
has same unit Ohm () as resistance and has the memory of voltage applied to and current
owing through the memristor device.

v(t) = M(q(1)i(t) (2.1)
_d (9
M(q) = dq (2.2)

The rst memristor device was reported by the HP labs in 2008, which was fabricated
in a Pt/TIO 2/ Pt multi-layer structure [23]. In this device, migration of oxygen vacancies
under external voltage bias acts as a deterministic factor of non-volatile resistive switch-
ing. This device is known to be an RRAM device. Ever since then, RRAM and other
eNVM devices, such as Spin-transfer-torque Magnetic Random-access Memory (STTM-
RAM) [24] and Phase-change Random-access Memory (PCRAM) [25] have attracted enor-
mous amount of interest in developing di erent kinds of eNVM applications.



Resistance state of an RRAM can be changed by applying external voltage bias across
its two electrodes. When a SET voltagé/sgt is applied during the SET process, a Con-
ductive Filament (CF) is formed in the dielectric material between two electrode and the
device enters a Low Resistance State (LRS). When a RESET voltayeeset is applied
during the RESET process, the CF is ruptured and the device returns to High Resistance
State (HRS). Depending on the polarities of/ser and Vreser , RRAM can be divided into
two groups: unipolar Vser and Vgeser Share the same polarity) and bipolar switching
(Vser and Vreser have di erent polarities), as shown in Figure 2.1. For the rest of this
study, bipolar switching RRAMs will be the focus of discussion since it is more widely
studied and used.

Figure 2.1: |-V curve of (a) unipolar switching RRAM: Vser and Vgreser have di erent
polarities. (b) bipolar switching RRAM: Vser and Vreser have di erent polarities. The

red curve represents SET process and the blue curve represents RESET process. Figure is
adapted from [26].

RRAM can also be divided into two subcategories of Oxide-RRAM (OxRAM) and
Conductive Bridge RRAM (CBRAM) depending on the composition of the formed CF
[12]. For a OxRAM, the CF is formed by oxygen vacancies left in the oxide dielectric
material after oxygen ions are pulled towards the active electrode whéfyer is applied.
Under the e ect of Vreset , OXygen ions migrates back to the dielectric, recombining with
the oxygen vacancies and rupturing the CF [27]. As for a CBRAM, applyingsegt will force

metal ions such as Aﬁ and C?* to move towards electrode with lower potential. These
ions are then reduced to metal atoms at the interface between the dielectric material and
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electrode. Accumulation of such metal atoms leads to formation of CFs. With HkeseT
applied, the metal atoms clusters are reduced in size and number, causing the CF to
rupture. Both the SET and RESET process are repeatable for RRAM. The state-of-the-
art RRAM can achieve endurance of 10 cycles [28] and programmed state retention
of > 10° seconds [29]. Active e orts are still being made for continuous improvement of
RRAM performance.

Figure 2.2: Conduction mechanism of (a) OxRAM (Figure is taken from [27]): CF formed
by oxygen vacancies. (b) CBRAM (Figure is taken from [30]): CF formed by accumulation
of reduced metal ions.

2.2 Applications of RRAM
RRAM has multiple advantages that make it a candidate for building IC applications:

" Low programming voltage &€ 3V) [12],

" Low write time (<0.1ns) [13] compared to Static Random-access Memory (SRAM)

( 1ns) [17],
" Large high/low resistance ratio & 10%) [14],

" Scalability with minimum cell area down to 42, where F is feature size of the
lithography (For comparison, DRAM cell area is 62.) [17],



~ Compatibility with CMOS transistor fabrication process [11].

Moreover, as a 2-terminal eNVM devices, RRAM, STTMRAM and PCRAM share
similar switching behavior. It makes them interchangeable in a lot of applications already
developed on one eNVM technology. This can broaden the scope of potential applications
for RRAM. In this section, several perspectives of these applications are reviewed.

2.2.1 Large Scale RAM Array Integration

As a memory device, one natural and widely explored application of RRAM is to build
large scale Random-access Memory (RAM) array. Two common cell con gurations are
1-transistor-1-RRAM (1T1R) and 1-selector-1-RRAM (1S1R) as shown in Figure 2.3. For
the 1T1R con guration, top electrode of the RRAM is connected to the Bit-line (BL) and
bottom electrode is connected to drain of a transistor. Source of this transistor is con-
nected to a Source-line (SrcL). Whenever a read/write operation is initiated, the transistor
is turned on with voltage applied on the Word-line (WL) connected to the gate of the tran-
sistor. In a write operation, depending on the data bit (either O or 1) to be writtenjVset

or jVreseT J IS applied to BL or SrcL respectively while the other line is grounded. In a
read operation, the transistor is also turned on. A read voltag¥.e,q Signi cantly smaller
than the programming voltage is applied to BL while SrcL is grounded to avoid modifying
the existing resistance state. Meanwhile a Sensing Ampli er (SA) can di erentiate the
stored data bit by sensing the di erence between a HRS and a LRS of read current owing
through the targeted RRAM. Because of the low sub-threshold current of a transistor, this
con guration can resolve the sneak path problem. Meanwhile, the transistor can also be
used for providing a compliance current when programming the RRAM since the maximum
current that can ow through the transistor is controlled using gate-to-source voltage\s)

of a transistor.

In a 1S1R crossbar array, the transistor is replaced with a 2-terminal Threshold Selector
(TS). This TS has very low leakage current when voltage bias applied across the device is
under a threshold value. In this con guration, top electrode of the RRAM is connected
to WL and its bottom electrode is connected to the TS, which is connected to BL on the
other end. Since this con guration has no separate control terminal, the unselected WL
and BL must be kept at a non-zero potential to avoid the sneak path problem. In a write
operation, only the selected cell has programming voltad&ie (jVset] Or jVreseT j) applied
on one terminal (WL or BL), while the other terminal is grounded. In aV,,ie =2 scheme,
unselected BL's and WL's are connected t&yie =2. In a Ve =3 Scheme, unselected



BL's are connected ¥, =3 and unselected WL's are connected t4,,i. =3. AS a result,
voltage applied across unselected cells is either OV (in tNgiie =2 scheme) oV, ie =3 (in
Viurite =3 Scheme) to avoid turning on the TS devices and eliminate sneak paths. In a read
operation, all BL's and unselected WL's are connected td.,4. Only the selected WL is
grounded. Therefore, an entire row of cells are read in parallel. In many cases, the TS
is implemented through adding an extra layer of materials in RRAM device, and thus a
1S1R cell is essentially built as one device. This con guration in principle can achieve a
smaller cell size than the 1T1R con guration and a higher integration density in RAM
array architecture [12].

Figure 2.3: 1T1R and 1S1R array structure for implementing large scale RAM. (Figure is
taken from [31]. SL here stands for Source-Line)

Studies have also been done to use RRAM as a Multi-level Cell (MLC) to increase
amount of data that the memory array can stored. This is done so by utilizing the inter-
mediate resistance states in addition to LRS and HRS. For a 1T1R con guration, it has
been shown that di erent WL signal pulse widths [32] andVreser amplitudes [33] are
two methods to program a single RRAM to 4 di erent resistance states and store 2-bit of
information per RRAM cell.

2.2.2 In-memory Computing and Neuromorphic Computing

The non-linear |-V characteristic of eNVM devices enable the possibility of implement-
ing arithmetic logic computation in a di erent way from conventional CMOS logic gates.
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Furthermore, eNVM devices can store information from logic computation due to their
non-volatility, providing an alternative of implementing sequential logic circuit in addi-
tion to conventional methods of using data registers. Moreover, the RRAM-based array
provides a natural mapping for matrix computation with wide range of applications in
image processing and neuromorphic computing. In recent years, RRAM-based In-memory
Computing (IMC) has become an active research eld, with the hope of breaking the data
bottleneck in the conventional von Neuman architecture.

In the arithmetic logic front, an IMPLY logic gate can be constructed using RRAM [34],
as shown in Figure 2.4. Logic 0 is encoded by HRS of the RRAM and logic 1 is encoded
by LRS. Reference resistoR¢ is selected to have resistance between LRS and HRS of
the RRAM device. Condition voltagejVconp j< jVser] is used for logic gate operation.
Operation of this IMPLY logic is summarized as listed in Table 2.1. With inputsP and
Q initially stored in RRAMSs, the IMPLY gate stores the output back to RRAM Q. The
IMPLY logic operation is known to be logic complete. Thus, multiple IMPLY logic gates
can be cascaded to build more complicated structure such as adders. Similar methods of
utilizing the non-linearity and Non-volatile Memory (NVM) characteristics of eNVMs for
logic computations include memristor-aided logic (MAGIC) [35], memristor ratioed logic
(MRL) [36] and even ternary logic computation [37].

Figure 2.4: Structure of a IMPLY gate consisting of two RRAMSP and Q with reference
resistorRg with resistance between LRS and HRS of the RRAM device. Condition voltage
JVconp J< JVset). (Figure is taken from [34].)
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Table 2.1: Operations of an RRAM-based IMPLY gate (Logic 0 is encoded by HRS of the
RRAM and logic 1 is encoded by LRS)
PIQ|Quew=P! Q Detail
Voltage onQ is  Vser, Q is SET
Q is already in LRS, no change
P in LRS, voltage acrosQ is Vser  Vconp
Q is already in LRS, no change

RO O

0
1
0
1

ROl O

RRAM has also been extensively used in study of Neuromorphic Computing (NC) to
build Deep Neural Network (DNN) such as Convolutional Neural Network (CNN) [38] and
Spiking Neural Network (SNN) [19]. In these applications, RRAMs can be used to model
synapses connecting between neurons, as shown in Figure 2.5. Its adjustable resistance is
used to represent synaptic weights and can be tuned by using di erent learning algorithms
during training processes with sets of training data. With a trained network, new data can
be fed in and evaluated in order to generate result about whether or not the input data
match any of the trained pattern. These neural network applications have been widely
used in pattern recognition.

Figure 2.5: RRAM used as synapse to emulate neuron system. (Figure is taken from [20].)

Although not as popular as its applications as synapse model, RRAM-based neuron
circuit designs have also been proposed. RRAM is mainly used to implement a LIF neuron
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or Integration-and- re (IF) used in a SNN. The two neuron models are considered to be
simpli ed version of the Hodgkin{Huxley neuron model. A simpli ed operation model of an
LIF is shown in Figure 2.6. In these neuron models, the input synaptic pulse, which can be
used for encoding information, are integrated by the neuron circuit as the stored membrane
potential increases. If the membrane potential exceeds a built-in threshold value, an output
pulse will be generated and propagates to other connected neurons. In addition to this
LIF mechanism, a LIF neuron also models the leakage e ect which gradually reduces the
stored membrane potential, representing previously stored information, over time. In [39],
the quasi-analog conductivity increase of RRAM during SET process is used to model
the integration behavior of an LIF neuron. In combination with a read (equivalent to
neuron ring) and a RESET operation during the same clock period, an LIF neuron can
be modelled by a single RRAM. Other neurons designs, such as in [40], typically use
RRAM in conjunction with active circuit components (e.g., transistors) to utilize RRAM's
switching behavior to mimic neuron ring actions.

Figure 2.6: LIF neuron working mechanism: input pulse signals are integrated as membrane
potential over time. A output spike is generated if the membrane potential exceeds the
spiking threshold. (Figure is taken from [20].)

2.3 Switching Variation of RRAM

As an emerging memory technology, RRAM is constantly improving in terms of material,
device and fabrication process. While RRAM has various bene ts over other volatile (e.g.,
SRAM, DRAM) and non-volatile (e.g., PCRAM, STTMRAM) memories, one big problem
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that RRAM is facing is switching variation, due to the stochastic nature of CF formation
based on oxygen vacancies or metal ion migration. This can be further categorized into
inter-cell (i.e., device-to-device) and intra-cell (i.e., cycle-to-cycle) variation. Resistance
of RRAM can be impacted by variation in programming current and duration of the
programming pulses [41]. The origin of such variation in LRS comes from uctuation in
CF radius and constriction geometry, as illustrated in Figure 2.7. As for HRS, the rupture
of a CF is a stochastic event, which can either lead to a narrow lament or a ruptured
lament [41]. In addition to the intrinsic variation, extrinsic switching variation can also

be caused by process induced impurities [42].

Figure 2.7: Physical origin of resistance dispersion in LRS: (A) CF radius de ned by
uctuations in number of particles and (B) uctuation in CF constriction geometry. (Figure
is taken from [41].)

Impact of such variations can be shown in Figure 2.8. Even with the same RESET pulse
applied on RRAMs fabricated with the same process, the resultant RRAM HRS resistance
can signi cantly vary among the devices. Furthermore, variation in RRAM resistance can
also be observed in LRS. The uctuation can bring challenges for circuit design to detect
RRAM resistance states. For example, in RAM arrays and NC applications, with RRAM
resistance uctuating in both LRS and HRS, di culty of designing a SA increases since its
operation has to account for such resistance variations. In applications involving MLC, the
di culty of programming and sensing circuits further increases when each RRAM stores
more than just two resistance states.
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Figure 2.8: RRAM switching variation from experiment and simulation, wheré,, vy, and
o are model tting parameters. (Figure is taken from [31].)

Switching variation of RRAMs can be tackled in both fabrication process and applica-
tion perspectives. Several categories of fabrication methods have shown to be e ective in
limiting RRAM switching variation. For OXxRAM, one method is to introduce dopants in
the dielectric materials in order to reduce and control oxygen vacancy formation energy to
form stable CF [43, 44]. A metallic or thin oxide bu er layer insertion in RRAM struc-
ture can also have the e ect in controlling the shape of formed CF, increasing switching
stability [45]. Innovative structure is also a solution to mitigate switching variation. For
example, an innovative vertical RRAM fabrication process is proposed by [46] as shown in
Figure 2.9. A well constrained sidewall oxidation method can e ectively prevent unwanted
di usion of oxide material in conventional fabrication method, which is believed to be a
main reason of causing switching variation in RRAMS.
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