Memristive Circuits for On-Chip Memories

by
Ravi Patel

Submitted in Partial Fulfillment
of the
Requirements for the Degree

Doctor of Philosophy

Supervised by
Professor Eby G. Friedman

Department of Electrical and Computer Engineering
Arts, Sciences and Engineering

Edmund J. Hajim School of Engineering and Applied Sciences

University of Rochester
Rochester, New York
2013



© 2016 Copyright by Ravi Patel
All rights reserved

ii



Dedication

To my mother, father and little sister, without which my life would be a long

series of blank pages.

iii



Biographical Sketch

Ravi Patel was born in Schenectady, New York in 1986. He received his B.Sc,
and M.Sc. degrees in Electrical and Computer Engineering in, respectively, 2008
and 2010 from the University of Rochester in Rochester, New York. Working to-
wards a Ph.D degree in Electrical and Computer Engineering, he has studied high
performance integrated circuits and resistive memory technologies under the tute-
lage of Professor Eby G. Friedman.

During the 2011 and 2013 summers, he in-
terned at Freescale Semiconductor, where he
developed methodologies for the extraction of
parasitic bipolar transistors, and investigated
transient induced faults in silicon-on-insulator
technology. During the summer of 2014, he
interned at IMEC in Leuven, Belgium, inves-
tigating the impact of metallization on power
networks for 14 nm, 10 nm, and 7 nm CMOS

FinFET technologies. His research interests in-

clude resistive RAM, magnetoresistive RAM,
and emerging device technologies.
The following publications are the result of work conducted during his doctoral

study:

iv



Journal papers

R. Patel, S. Kvatinsky, E. G. Friedman, and A. Kolodny, “STT-MRAM Based
Multistate Register," IEEE Transactions on Very Large Scale Integration (VLSI)

Systems (in submission).

R. Patel, S. Kvatinsky, E. G. Friedman, and A. Kolodny, “Reducing Switching
Latency and Energy in STT-MRAM Caches with Field-Assisted Writing," IEEE
Transactions on Very Large Scale Integration (VLSI) Systems (in press).

R. Patel, S. Kvatinsky, E. G. Friedman, and A. Kolodny, “Multistate Regis-
ter Based on Resistive RAM," IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, Vol.23, No.9, pp.1750-1759, September 2015.

R. Patel, E. Ipek, and E. G. Friedman,”2T - 1R STT-MRAM Memory Cells for
Enhanced Sense Margin and On/Off Current Ratio," Microelectronics Journal,

Volume 45, Issue 2, pp. 133 - 143, February 2014.

Conference papers

L. Richter, K. Pas, X. Guo, R. Patel, J. Liu, E. Ipek, and E. G. Friedman, “Mem-
ristive Accelerator for Extreme Scale Linear Solvers," Proceedings of the Govern-
ment Microcircuit Applications & Critical Technology Conference (GOMACTech),
March 2015.

R. Patel and E. G. Friedman, “Sub-Crosspoint RRAM Decoding for Improved

Area Efficiency," Proceedings of the ACM/IEEE International Symposium on Nanoscale

Architectures, pp. 98 - 103, July 2014.

R. Patel, E. Ipek, and E. G. Friedman, “Field Driven STT-MRAM Cell for Re-
duced Switching Latency and Energy," Proceedings of the IEEE Symposium on
Circuits and Systems, pp. 2173 - 2176, June 2014.



Vi

* Q.Guo, X. Guo, R. Patel, E. Ipek, and E. G. Friedman, “AC-DIMM: Associative
Computing with STT-MRAM," Proceedings of the International Symposium on
Computer Architecture, pp. 189 - 200, June 2013.

¢ R. Patel and E. G. Friedman, “Arithmetic Encoding for Memristive Multi-Bit
Storage," Proceedings of the FIP/IEEE International Conference on Very Large Scale
Integration (VLSI-SoC), pp. 99 - 104, October 2012.

¢ R. Patel, E. Ipek, and E. G. Friedman, “STT-MRAM Memory Cells with En-
hanced On/Off Ratio," Proceedings of the IEEE International SoC Conference, pp.
148 - 152, September 2012.



Acknowledgements

A graduating undergraduate is a lump of clay that is tossed into a chasm of
unknown desires, undefined sensibilities, and unintended outcomes, with grav-
ity pulling towards mediocrity and failure. I had a vague inclination of the direc-
tion I wanted to go, but I had no idea how to get there. Looking back, I am over-
whelmed by the encouragement, patience, support, and effort given to me by my
family, teachers, professors and close friends. All of you have helped me progress
to where I am now and I am truly grateful.

I will always lack the words necessary to properly thank my advisor Professor
Eby G. Friedman. When I began, I was unsure of almost everything. His uninter-
rupted support and patience gave me an environment in which to inquire, learn,
and grow. His insight, experience, and interminable enthusiasm informed me not
only in academic pursuits, but also of life—a model of the world that I will heed in
career and non-career endeavors. Professor Friedman, thank you for everything.

I must also thank Professor Engin Ipek. When Ibegan, I had little understanding
of the research process. In my first project, Prof. Ipek demonstrated the consistency
and persistent effort required to do high quality research. I learned a great deal
through the many effective collaborations and will apply the same level of effort
and creativity in all my future endeavors.

Thank you to Prof. Shahar Kvatinsky, Prof. Avinoam Kolodny, and Prof. Uri

Weiser, for constructive feedback on research, and mountains of help during our

vii



viii

numerous successful projects. The friendly and supportive tone allowed our re-
search to progress efficiently. I hope all my future collaborations will mirror the
level of teamwork we developed.

I would like to thank Professor Paul Ampadu and Professor Erin Smith for the
constructive feedback while serving on my committee. I would also like to thank
Professor Michael Scott for serving as committee chair. Prof. Zeljko Ignjatovic,
Prof. Marc Bocko, Prof. Ji Liu, Prof. Hanan Dery for thoughtful conversations
throughout my stay at the University of Rochester.

The High Performance Integrated Circuit Laboratory consists of a diverse group
of highly professional individuals from a variety of cultural backgrounds that made
my Ph.D experience both creatively enriching and enjoyable. I would like to thank
the previous and current members of the laboratory: Prof. Emre Salman, Dr. Re-
natas Jakushokas, Prof. Selcuk Kose, Prof. Ioannis Savidis, Dr. Inna Vaisband,
Boris Vaisband, Alex Shapiro, Mohammed Kazemi, Kan Xi, Shen Ge, Jinhui Wang,
and Albert Ciprut. Days in the lab were typified by scribbling ideas on the white-
board and arguing, i.e., converting random thoughts into concrete research efforts.
I am fortunate to be connected with so many individuals that I respect, admire, and
consider as my extended family.

I also want to thank Dr. Olin Hartin, Dr. Radu M. Secareanu, Dr. Dan Blomberg,
Dr. Gerald Nivson, Dr. Vance Adams, and Dr. Qiang Li from Freescale Semicon-
ductor, Inc. for helping me throughout two summer internships in Tempe, Az. I
would also like to thank Dr. Praveen Ragavan, Odesseas Zografos, and Dimitrios
Velenis for enabling a smooth and life changing internship experience at imec, Inc.
in Leuven, Belgium. I have learned a great deal from you all and will maintain the
bonds of friendship extended to me.

I would like to thank my closest friends. An incomplete list: Aaron Forisha,

Alex Lee, Alice Nelson, Andrea Gordon. Ben Bodner, Brian Chia, Brittany McFee,



ix

Caitlin Tennyson Peterson, Chris Hergott, Dan Keeley, Dan Snyder, Danner Hick-
man, David Leeds, Deven Patel, Diana Lee, Gerald Abt, John Henderson, Katie
Karasek, Kayla Molnar, Liz Marilyn, Luck Shay, Marc Karasek, Matthew Storey,
Mehdi Naz Bojnordi, Michael Brundige, Michael Willett, Mindy Hoftender, Mohan
Ahluwalia, Nate Housel, Nate McBean, Olivia DeDad, (Prince) Ali Valimahomed,
Qing Guo, Rani ‘stealthMaster” Ghosh, Sarilyn Ivancic, Sheema Shayesteh, Shikha
Rawat, Shivani Kumar, Steven Ivancic, Xiaochen Guo, Yang Chen, Yanwei Song,
Whether it was late nights grinding at the lab, long phone calls catching up, or just
a welcome distraction after a long week, all of you have helped me get through
tough moments and enjoy some amazing ones. I've been fortunate to interact with
so many capable, quality, and good-hearted individuals.

To conclude, I must thank my family for the unending support and joy through-
out my tenure at the University of Rochester. I would like to thank my sister Sally
Patel for demonstrating to me the true definition of tenacity while always finding
ways to extract a laugh and a smile. I would like to thank my uncles and aunts
(Rajesh, Minesh, Bhupendra, Vijay, Bharat) and Aunts (Daksha, Rina, Hina, Bha-
vana, Jayshree) for always supporting me. I would like to thank my grandparents
(Nanu-bhai, Susila-bhen, Karsan-bhai, and Lalita-bhen), for always watching over
me.

I would like to thank my parents Dilip and Jayana Patel for demonstrating hu-
mility, forgiveness, and unrelenting tenacity in the face of unreasonable circum-
stances. You are quite simply the reason I exist and my models of what ideal people
are.

I would also like to thank my fiancé Henal Patel. While you only recently came
into my life, you are the whirlwind storm that washes away the unimportant and

makes me feel alive.



Abstract

In less then a decade, memristors have evolved from an emerging device tech-
nology, to a promising circuit concept, and now a commercial product. This ac-
celerated development is due to the importance of memristor devices, which pro-
vide greater capacity while reducing power and latency in computer memories.
The research described in this dissertation explores circuits composed of memris-
tor devices and design methods to enhance the performance of memristor devices
in memory systems.

The dissertation begins with an introduction to memristor device technologies.
Physical descriptions of metal-oxide resistive RAM (RRAM) and spin torque trans-
fer magnetoresistive RAM (STT-MRAM) are presented. Classic CMOS memory
organization and technology are also reviewed.

Several memory cells, memory array topologies, and memristor based circuits
are presented. A novel RRAM based flip flop is described. This circuit, coupled
with a highly threaded architecture, demonstrates up to 40% improvement in per-
formance with a modest area overhead of 2.5% as compared to conventional mi-
croprocessors. An STT-MRAM based cache is described with a magnetic field as-
sistance mechanism that reduces the switching latency of an individual device by
four. This cache reduces energy by 55% as compared to an SRAM subsystem, and a
20% improvement over STT-MRAM based caches discussed in the literature. Addi-

tional circuits, design methods, and physical topologies are presented to improve
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the sense margin, reduce area, and increase bit density of memristor based memo-
ries.

Memristor devices are an emerging technology capable of reshaping the com-
putational process. Insight into the design of memristor memories is provided in
this dissertation with solutions to improve the performance of memristor based

memories.
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Chapter 1

Introduction

In 1971, an article appeared in IEEE Transactions on Circuit Theory in which mem-
ristors were proposed as the fourth fundamental electrical circuit element [1] in ad-
dition to resistors, capacitors, and inductors. Resistors, capacitors, and inductors are
classical elements that exhibit a specific relationship among the physical variables
of voltage (v), current (i), charge (g), and flux (¢). Resistance (R) is dv = Rdi, capaci-
tance (C) is dg = C'dv, and inductance (L) is d¢ = Ldi. A missing relationship exists
between d¢ and dq (d¢p = Mdq) that was postulated to be the missing memristor.
While memristors were understood as a conceptual model for many phenomena,
such as neurons, joule heating in resistors, and as circuit elements in various chaotic
oscillators, a practical device remained elusive for 40 years. In 2008, a team led
by R. Stanley Williams investigated the conductance of titanium oxide thin films
and determined that these devices exhibited properties that matched the proposed

behavior of memristive devices [2]. The link between a concept fundamental to



electronics and a practical device prompted a surge of interest in resistive mem-
ory technologies, some already existing and some entirely novel. This new focus
spawned an on-going period of rapid innovation in materials, fabrication, circuits,

and architecture.

1.1 What is a memristor?

The discovery of the physical phenomenon behind memristance and the de-
velopment of devices with a variable resistance dates back two centuries [3} 4] to
the thermistor [5] and the electric arc [6]. While a multitude of devices based on
thin films, magnetic films, and phase change devices have been developed, as men-
tioned previously, the concept of memristance was not postulated until the 1970s
[1].

A memristor was initially defined as a linear relationship between charge (d¢)
and flux (dg), implying that the memristance M is a constant [1]]. Later, in 1976, the
theory was generalized to incorporate nonlinear relationships M (g, v, ) [7], called
memristive systems. The key characteristic of these devices is a hysteric I-V curve
that crosses the origin, i.e, a pinched hysteresis, as illustrated in Fig.

It was postulated that a practical memristive device would arise out of an elec-

tromagnetic structure due to the relationship between magnetic flux and charge in
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Figure 1.1: Numerical simulation of voltage controlled memristor subjected to a 1

Hz and 0.5 Hz sine wave [8]]. The memristor I-V curve exhibits state retention while
crossing the origin, a property known as a pinched hysteresis curve.

the mathematical definition of a memristor. In 2008, Williams” group at HP dis-
rupted this notion with the discovery of a pinched hysteresis curve in TiO devices
based on ionic conduction [2]. After this "re-discovery" of a practical memristor
device, several other resistive memories that had been previously proposed and
developed were labeled as memristors [9-13]].

Significant controversy exists as to whether a resistive memory technology can
be classified as a memristive device. Since the definition of a memristor is fairly
broad, Williams and Chua posited that all resistive devices with memory are mem-
ristors, arguing that any device with a "pinched hysteresis" curve is a memristor (see

Figure [14]. This definition allows a wide assortment of disparate material and



physical systems to be classified as memristors such as ferromagnetic metals, insu-
lators, and plastics. Notably, the Hodgkins-Huxley model of a biological neuron
cell can be classified as a memristor based on this definition [7]. Other researchers
have challenged this notion, arguing that several resistive memory technologies do
not satisfy the original mathematical formulation of a memristor [15]. The defini-
tion of a memristor is of primary concern for intellectual property ownership. This
debate is on-going. For the purposes of this discussion, the terms, memristor and

resistive memory, are used interchangeably.

1.2 Memristors as a replacement for CMOS memory

Driving the technological development of computation has been the exponen-
tial growth in processing efficiency. This trend has already begun to slow. Main-
stream CMOS memory exhibits diminishing returns on performance and cost re-
duction with each technology generation.

DRAM, the work horse of modern main memory, is increasingly less reliable
and more difficult to shrink [16-18]. DRAM storage capacitors require complex
fabrication. In 2001, the width-to-height ratio of a DRAM capacitor was approx-
imately 7.6 [19]. The modern equivalent is greater than 100, as illustrated in Fig-
ure and is predicted to double by 2017 [20]. Achieving sufficient capacitance

requires a shift from standard silicon oxides to high-k dielectrics. Greater charge



leakage from DRAM capacitors has prompted more frequent refresh times, leading

to increased power consumption and greater susceptibility to error.

D/R < 20nm »
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Figure 1.2: DRAM fabrication and scaling

SRAM, extensively used as microprocessor cache memory;, is already limited by
a slower rate of technology scaling. In 2005, a high density six transistor SRAM cell
was used for cache memory on an Intel microprocessor, exhibiting a density of 135
F? [22], where F is the lithographic feature size of the technology. By 2012, Intel
processors used two different cell layouts for on-chip cache memory. A low volt-
age variant with a 223 F? was introduced to combat leakage current [23,24]. A high
density variant exhibited 190 F (see Fig[1.3). These cells represent, respec-
tively, a 65% and 41% reduction in density. Moreover, due to cell stability issues,

"core memory [was] converted from 6-T traditional SRAM to 8-T SRAM [25]."



(b) 0.108 um? SRAM for low voltage applications

Figure 1.3: Variants of 6-T SRAM cells specialized for a) high density, and b) low
voltage operation in 65 nm CMOS [24].

Flash memory, increasingly favored for high density solid state storage, has
reached fundamental operational limits. With smaller devices, fewer electrons are
available to store a state. As illustrated in Fig[l.4a} the number of electrons required
to store a state has shrunk from 50 electrons to nearly single digits [26]. Moreover,
system overhead for error correction has exploded, as depicted in Fig.

Memristors provide a possible solution to these issues with semiconductor mem-
ories. Fabrication of memristor devices is analogous to thin film deposition of an
interlayer via as in standard CMOS processes [27,28]. Cell density is primarily lim-

ited by the lithography of the process, and requires only a few additional deposition
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steps. Prototype memristive devices have been scaled to feature sizes beyond what
is available with CMOS memories and exhibit greater cell density. A wide variety
of CMOS compliant materials are available with memristive characteristics. Many
of these materials are already in use in standard CMOS process technologies. As
a result, memristors are compatible with existing semiconductor processes. Un-
like CMOS memories that operate on charge storage, memristors are non-volatile
and therefore do not leak current. The stored resistance of a memristor can also be
tuned, supporting multi-bit memories [29].

Leveraging these features, however, requires mitigation of certain limitations of
memristive devices. Memristors typically exhibit a long switching time. Due to
the large current drawn for the entire duration of a write, switching a memristor
typically consumes a large amount of energy. Memristors can also degrade after
many write cycles. As a result of these issues and other factors, many material
systems are being explored to determine which memristive technologies exhibit

more desirable characteristics.

1.3 OQutline of dissertation

To address the limitations of memristive technologies while exploring the stren-

gths of each technology, novel memristor-based circuits and design methodologies



are required. Physical and circuit approaches to advance the performance of mem-
ories based on memristor technology are considered in this dissertation, leveraging
the features of each technology to enhance existing memory systems.

The history, fabrication, and device physics of candidate memristor technolo-
gies are reviewed in Chapter 2l A common set of memristor properties are de-
scribed to categorize each memristive technology. Spin torque transfer magnetic
tunnel junctions as well as metal oxide RRAM technologies are considered.

Classic CMOS memory technologies are reviewed in Chapter 3| The circuit op-
eration of SRAM and DRAM is discussed. The memory hierarchy and organization
are summarized. Memristors are compared to CMOS to determine which technol-
ogy is best suited for each level of the memory hierarchy.

In Chapter {4} a novel digital circuit, the multistate register, is proposed. The
multistate register is different than conventional types of memory, and is used to
store multiple data bits, where only a single bit is active and the remaining data
bits are idle. The active bit is stored within a CMOS flip flop, while the idle bits
are stored within an RRAM crossbar array co-located with the flip flop. Additional
states require an area overhead of 1.4% per state for a 64 state register. The use of
multistate registers as pipeline registers is demonstrated for a novel multithreading
architecture—continuous flow multithreading (CFMT), where the total area over-
head in a CPU pipeline is only 2.5% for 16 threads as compared to a single thread

CMOS pipeline. The use of multistate registers in the CFMT microarchitecture
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enables higher performance processors (40% average performance improvement)
with relatively low energy (6.5% average energy reduction) and area overhead.

A field-assisted STT-MRAM cache is presented in Chapter 5|for use in high per-
formance energy efficient microprocessors. Adding the field assistance reduces the
switching latency by a factor of four. A model of an STT-MRAM array is used to
evaluate the switching energy for different field currents and array sizes. Several
STT-MRAM cells demonstrate a 55% energy reduction as compared to an SRAM
cache subsystem. As compared to STT-MRAM caches with sub-bank buffering
and differential writes, a field-assisted STT-MRAM cache memory improves sys-
tem performance by more than 20%.

Novel spin torque transfer magnetic tunnel junction (STT-MT]J) based memory
cell topologies are introduced in Chapter [6| to improve both the sense margin and
the current ratio observed by the sense circuitry. These circuits utilize an additional
transistor per cell in either a diode connected or gate connected manner and do not
leak current. An order of magnitude increase in the current ratio as compared to a
traditional 1T - 1R structure is observed. This improvement comes with a 61% and
117% increase in area, respectively, for the diode and gate connected cells.

A multi-bit memristive memory circuit architecture based on arithmetic coding
is presented in Chapter|/| Both read and write circuits are presented which encode
information into the memristive data cells. The proposed circuits provide fine con-

trol of the resistance within the memristor. The continuous resistance characteristic
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of memristive devices is exploited by utilizing compression techniques to provide
additional storage. This approach yields an increase in overall bit density of up to
20 bits per cell for a memristor-based data array as compared to a standard multi-bit
cell array.

A methodology for the physical design of RRAM based crosspoint arrays is de-
scribed in Chapter 8. Two sub-crosspoint physical topologies are proposed that
places the RRAM decode circuitry beneath the RRAM crosspoint array. The first
topology only integrates the row decode circuitry, while the second topology in-
tegrates both the row and column decoders. The topology for sub-crosspoint row
decoding reduces area by up to 38.6% over the standard peripheral approach with
an improvement in area efficiency of 21.6% for small arrays. Sub-crosspoint row
and column decoding reduces the RRAM crosspoint area by 27.1% and improves
area efficiency to nearly 100%.

In Chapter [J] the field assisted concept is applied to STT-MRAM to enable fast
switching in multistate registers. An STT-MRAM based multistate register avoids
endurance issues associated with metal-oxide RRAM devices. The proposed cir-
cuit compensates for the stochastic nature of MTJs by introducing additional logic
to confirm successful writes and re-attempt on erroneous writes. This evaluation
process introduces a small penalty to the overall latency of the system. Introducing
tield assisted STT-MRAM to the multistate register can significantly reduce the la-

tency of the MT]Js, but requires additional area and power as compared to an RRAM
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based register circuit.

A brief summary and concluding remarks are offered in Chapter The pri-
mary goal of this research effort has been to integrate memristive devices as mem-
ory into computing systems while improving system performance. The research
has demonstrated improvements in bit density, array area, and read and write la-
tency. Novel circuits have also been proposed that enhance microprocessor per-
formance and employ memristors in heretofore new applications. Ultimately, this
research provides insight into the use of memristors in computing systems, and of-
fers methods to enhance system performance with existing and evolving memristor
technologies.

Future research avenues are presented in Chapter |11} The suggested topics in-
volve the application of memristor devices for analog circuits and systems. These
future research paths provide a mechanism for achieving low variation, high per-
formance analog circuits. Field programmable analog circuits based on memristors

are also proposed for next generation computing and signal processing systems.
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Chapter 2

Physical Behavior of Memristive
Devices

A wide gamut of resistive memory technologies has been described in the lit-
erature and developed commercially [30]. In addition to different material sys-
tems and structures, these devices exhibit a wide variety of electrical and physi-
cal properties. The characteristics of each technology require a novel set of design
approaches, both to address any performance limitations and to exploit available
features, such as non-volatility and device density. Insight into memristor per-
formance is achieved by assessing each technology in terms of a common set of
properties which characterize and contrast the differences among memristors while
providing a vocabulary to describe these technologies. General properties high-
light the appropriateness of each technology for different applications and provide
a roadmap to enable memristor-based memories in modern circuits. Addressing
these challenges, however, requires an understanding of the physical mechanisms

that govern each technology, as well as models of electrical operation.
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Resistive random access memory (RRAM) and spin torque transfer magnetic
random access memory (STT-MRAM) represent two modern and rapidly maturing
memristive device technologies, both capable of replacing existing CMOS memo-
ries in modern integrated circuits (ICs). RRAM is a memory technology based on
chemical restructuring in metal oxides. STT-MRAM devices are based on tunnel-
ing and physical momentum transfer of electrons within magnetic thin films. Both
technologies are a radical departure from traditional semiconductor memories with
properties that produce different system constraints, and require novel circuits.

In this chapter, a common set of properties to characterize the operation of mem-
ristive devices is outlined in Section The physics and operation of spin torque
transfer magnetic tunnel junctions are described in Section The physics and
operation of RRAM are outlined in Section Some conclusions are offered in

Section 2.4

2.1 General properties of memristors

Memristive devices exhibit a common set of properties that can be used to com-
pare and contrast the features, strengths, and operation of each technology for dif-
ferent memory applications. In the following section, common electrical properties
are outlined in Section Typical fabrication approaches are described in Sec-

tion[2.1.2
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2.1.1 Memristive device properties

A memristor is a two terminal resistive device represented by the symbol shown
in Figure The instantaneous resistance of the device behaves as a linear resistor.
A large voltage or current bias, however, can change the resistance of the device.
This change persists after the bias is removed, allowing the state information to be
stored. These devices are therefore non-volatile. The devices can be categorized
according to a basic set of properties that describe the limits of non-volatility and

performance of memories for each technology.

_L|_|_|_|_|_LI_

Figure 2.1: Circuit symbol of a memristor

2.1.1.1 Polarity

Memristors are often described by the device polarity, being either bipolar or
unipolar. A bipolar device changes resistive state based on the direction of the ap-
plied bias, as illustrated in Fig. A positive bias increases the resistance, while a
negative bias causes the resistance to decrease. Larger biases typically increase the
speed of the change in resistance. The resistance of a unipolar device is modulated

by the magnitude of the applied bias. The direction of the applied bias does not
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affect the device resistance. A large reset voltage is typically applied to return the
device to the initial resistance state. A bias smaller than the reset voltage gradually

changes the resistance of the device.

Current Current

Increase resistance Decrease resistance

Figure 2.2: Bipolar memristive switching

Unipolar devices are advantageous since a single bias direction can set either
state, enabling diodes as selector devices rather than transistors. Avoiding tran-
sistors within the memory array requires fewer bit lines, improving cell density.
The additional degree of freedom in bipolar devices, however, enables fine grained
tuning of the device resistance through a feedback mechanism. If a specific value
of resistance is written into a memristor, and the write process "overshoots" this
value, a negative bias can be applied to a bipolar resistor to adjust the memristance
to the target value. With a unipolar device, overshooting a target resistance requires
the device to be reset to the initial resistance before the write can proceed. Bipolar
devices can also use tunnel barriers as selection devices, facilitating transistor-less
memories [28,31-34]. Tunnel barriers, however, require one to two additional mask

steps during fabrication.
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Current i(t)

>

Increase or decrease resistance

Figure 2.3: Unipolar memristor switching. A single bias direction writes the resis-
tance.

2.1.1.2 Resistance Range and Ratio

Memristive devices and technologies also vary significantly in the range and

high/low ratio of the resistance. The resistance ratio is

Ratio = M. (2.1)

Low

Memristors exhibit a maximum (R;4,) and minimum (R,,,) resistance that bounds
the range of resistance exhibited by a memristor.

Devices with a large Ry, are preferable for high density memories to enhance
the ability to select a binary state. A larger resistance leads to lower current con-
sumption during reads and therefore lower read energy. Moreover, a high off state
resistance enables dynamic sensing of the memristor state. When the resistance is
small, current comparators are required to detect the difference in the resistance
state. Larger resistances, however, require a longer delay to charge and discharge
the bit lines and therefore require a longer time to sense the memristor state.

While a large resistance ratio is generally beneficial, increasing the ratio beyond
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a certain level yields diminishing returns. Intuitively, a larger change in resistance
provides a larger difference in the on and off currents. For larger off resistances,
however, the off current is comparable to leakage current. For smaller on resis-
tances, the on current is limited by the supply voltage of the circuit and the resis-
tance of the peripheral access circuitry. Additionally, a small on resistance requires
more time and power to change the resistance. The low on resistance produces a
small voltage drop across the memristive device, causing the device to switch more

slowly.

2.1.1.3 Continuous vs Discrete Resistance Range

A memristive device is either continuous or discrete. A discrete memristor has
a finite number of stable states, whereas a continuous memristor can occupy any
resistance state between Ry, and Ry

A continuous memristive device such as RRAM allows multiple levels to be
stored within a single device, enabling multi-bit cells and improved memory den-
sity. This behavior, however, comes at the cost of greater complexity during reads
and writes. Moreover, discrete devices exhibit the ability to relax to a stable state,

which can improve reliability.
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2.1.1.4 State retention

The stored state of a memristive device is susceptible to retention errors, where
the stored state becomes unreliable over time. The mechanism of state retention is
different from traditional CMOS soft errors and is highly dependent on the mem-
ristive technology.

In practical applications, the retention time is dependent on the system require-
ments. Shortening the retention time can reduce the write latency of a device
[35]. Performance improvements resulting from reduced write latency generally
improve the write energy of the device, but sacrifice some reliability. Retention er-
rors are typically caused by temperature related processes [36-39]. The retention

time is strongly dependent on the operating temperature of the device.

2.1.1.5 Write endurance

A key technology challenge in the development of memristors has been improv-
ing the write endurance. The write endurance of a memristor specifies the number of
write cycles for which the device can be reliably written. Higher endurance devices
like STT-MRAM are highly desirable to avoid reliability problems. Many memris-
tive technologies exhibit a degradation in endurance which limits the use of these
technologies to storage class applications. RRAM relies on the chemical breakdown
and formation of molecular bonds, and exhibits degradation on subsequent writes.

State of the art TaO RRAM exhibits 10'? endurance cycles before failure [27], which
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is not sufficient for write intensive applications.

2.1.2 General fabrication approaches

Memristors are manufactured using patterned deposition of thin films. From a
planar perspective, a device is constructed by patterning an oval, circular, or square
thin film on a surface. Fabrication is typically limited by the minimum planar di-
mension of the lithographic technology. As compared to fabricating CMOS transis-
tors, memristor technologies require fewer lithographic steps. Depending upon the
material, structure, and fabrication approach, memristive devices require between
one and five additional lithographic mask steps [40,41]. STT-MRAM requires a
minimum of three mask steps, while RRAM technologies require just a single ad-
ditional mask. Proposed memristive prototypes can be stacked on top of traditional
CMOS circuits or directly integrated with CMOS processes [42}/43]].

Stacked technologies typically allow separate fabrication methods. This capa-
bility enables techniques, such as nanoimprint lithography [40, 44, 45], which can
produce denser memristive devices. Stacked technologies, however, require pre-
cise alignment with the underlying CMOS technology. Denser lithographic tech-
nologies are typically not capable of producing circuits in high volume due to the
serial nature of these patterning techniques and require substantial investment in
manufacturing processes as compared to classic lithographic patterning techniques

commonly used in CMOS fabrication processes.
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Direct integration with CMOS requires the memristive materials to be compat-
ible with silicon processes. Moreover, memristors are integrated in back-end-of-
the-line (BEOL) processes that are primarily devoted to interconnect fabrication in
CMOS circuits. Memristors can therefore be placed above the CMOS circuitry be-
tween the higher level metal layers, as illustrated in Figure [2.4{. BEOL processes
are typically low temperature to avoid affecting the transistors fabricated within
the CMOS substrate. The fabrication temperatures of memristor technologies inte-
grated with CMOS must therefore be sufficiently low to not affect the underlying

CMOS transistors.

2.1.3 Circuit topology

Many cell topologies have been proposed for use in memristive memories. A cell
typically consists of a selector device and a memristor. The selector device isolates
the multiple devices connected to the same bit line. CMOS transistors are used as
selector devices in a one transistor, one resistor (1T-1R) cell, as shown in Fig.

Crosspoint arrays efficiently organize memristive devices into a memory. Cross-
point arrays provide a high cell density by integrating a memristive device at the
intersection of perpendicular metal lines on adjacent metal layers, as illustrated in
Fig[2.5]

An individual bit is selected by biasing a row and grounding a column within

an array through a sense amplifier. Selecting a single device, however, produces a



22

voltage drop across the unselected rows and columns. In addition to the selected
cell, adjacent cells are also biased, causing an additional parasitic current to flow
to the ground terminal (see Figure 2.5b). The resultant parasitic sneak currents
can propagate through the unselected cells, causing a degradation in sense mar-
gin and an increase in power consumption [46]. These currents prohibit the use
of memristor-only crosspoint arrays in all but the smallest arrays [46,47]. Larger

arrays utilize a selector device (e.g., a tunneling barrier or diode) in series with the

WL | |
R ST

BL: Bitline
BL BL WL: Wordline

(a) Electrical topology

Profile View Planar View

Memristor

(b) Physical topology

Figure 2.4: 1T-1R memristor cell
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memristor to ensure that only a small (leakage) current passes through the unse-
lected rows [48]. Unlike traditional CMOS memories, crosspoint memories need
to be bit addressable. Only a single bit can be written into a crosspoint array dur-
ing a write operation due to the resistive load of the bit lines in large arrays. This

characteristic requires additional area for the peripheral circuitry.
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(a) Physical topology (b) Electrical topology

Figure 2.5: Structure of a 2x2 crosspoint array, a) Physical topology, and b) circuit
diagram of 2 x 2 crosspoint array with indicated sneak path.

2.2 Spin torque transfer magnetic tunnel junctions

Spin torque transfer magnetic tunnel junctions (STT-MT]J), the storage elements
in STT-MRAM, are two terminal devices that operate on the principle of spin de-

pendent conduction through magnetic domains [41,49-51]]. The device is a bipolar
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memristor with a small resistance range and a low resistive ratio [41]. MT]Js are dis-
crete devices that exhibit either a binary resistance, either high or low, and are par-
ticularly applicable to high utilization memories due to the near infinite endurance
of STT-MRAM. An MT]J is structured as a stack of thin films where a thin oxide
layer separates two ferromagnetic layers, as illustrated in Fig. 2.6/[52]. One of these
ferromagnetic layers has a fixed spin polarity (the fixed or hard layer) that passes
electrons of the same spin direction and reflects electrons with the opposite spin.
The other layer (the free or soft layer) has a bistable magnetic polarity that is affected
by the spin of the incoming electrons. By controlling the direction of the current
through the device, either the passing electrons or the reflected electrons influence
the free layer. Applying a large bias current to the STT-MT] (approximately 35 pA
to 300 pA) switches the polarity of the device [41,53]54]. In the following section,
the physical structure, fabrication, switching process, and electrical characteristics

of STT-MT]J are described.
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Electrode Contact
Free (or soft) layer
Tunneling oxide

Fixed (of hard) layer

Electrode Contact

Figure 2.6: MT]J thin film stack

2.2.1 Physical structure and fabrication

Like most memristive devices, MT] fabrication is based on thin film deposition
[55-57]]. During a BEOL process, individual MT]Js are patterned on to metal con-
tacts, as shown in Fig. At a minimum, three layers are needed to construct a
device, a ferromagnetic soft layer, an oxide layer, and a ferromagnetic hard layer.
Both ferromagnetic layers are structured to act as single domain magnets. The rela-
tive hardness and softness of a layer describe the magnetic stability. The softer layer
is susceptible to a reversal of polarity while the hard layer has a permanent or fixed
polarity. The oxide layer acts as a tunnel barrier that enables resistive conduction
through the device. Additional layers are deposited above and below these three
layers to control the magnetic polarity during fabrication.

Individual domains are patterned as ovals to control the direction of polarity,

as illustrated in Fig. The magnetic polarity of both films are physically aligned
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Figure 2.7: First demonstration of STT-MRAM device by Hosomi et al. at Sony
Electronics [41]]. The crosssectional SEM image depicts the MT] patterned between
a bit line and a metal via.

along the long axis of the oval as compared to the short axis, as this direction is the
most energetically stable state. The long axis of both domains is aligned to ensure
that the polarity of each domain is either parallel or anti-parallel. Parallel alignment

refers to the case where both the free layer and fixed layer are oriented in the same
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direction, whereas anti-parallel alignment occurs when the free layer is oriented
opposite to the fixed layer. MTJs are also categorized as in-plane or perpendicular-

to-plane, a distinction discussed in[2.2.2.6

Short Axis
Planar View ! i
(a)
Long Axis
<
Profile View
Soft layer . )

Tunneling oxide

Hard layer EE—
(b)

Figure 2.8: STT-MT] device structure with a) planar, and b) profile views.

2.2.2 Behavior of Spin Torque Transfer Magnetic Tunnel Junctions

The behavior of an MT] is based on the combination of two phenomenon, spin
dependent tunneling and spin torque transfer. Spin dependent tunneling is the
physical mechanism that produces a change in resistance in an MT] under bias.
The second mechanism, spin torque transfer, describes the physical interaction of

electrons with a ferromagnetic material to facilitate switching.
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2.2.21 Historical Perspective

The magnetoresistance phenomenon, the change in resistance under an applied
magnetic field, traces the discovery to Lord Kelvin (William Thomson) in a letter
published in the Proceedings of the Royal Society of London in 1856 [4]. The key discov-
ery was that the resistance of a ferromagnetic material is affected by the magnitude
and direction of an applied magnetic field. 114 years later, Tedrow and Meservey
in 1970 [58] observed spin dependent tunneling at the interface of a ferromagnetic
tunnel junction. Julliere later proposed the classic model for the change in resis-

tance (0 R) of spin dependent tunneling [59],

AR 2PP" R, —R,

TMR=—=" = -
R= =1 pp R,

(2.2)

where P and P’ represent the spin polarization of electrons in the two ferromag-
netic metals of a tunnel junction and the low and high resistance states of an MT]
are described, respectively, as R,, and R,. The tunneling magnetoresistance ratio
(TMR) describes the change in resistance for an individual MT] stack.

These experiments were conducted at ultra-low temperatures (4 K) and thus had
limited practical utility. In 1988, independent teams led by A. Fert [60] and P. Griin-
berg [61] made the discovery of room temperature Giantmagnetoresistance (GMR)
in stacked magnetic monolayers. GMR devices are almost identical to MT]Js ex-

cept that a metallic spacer is used in GMR devices as compared to the oxide spacer
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used in MT]Js. This discovery forms the basis for all high density magnetic drives,
a development for which both teams would win the Nobel Prize [62,63].

Magnetic tunnel junctions continued to be developed in parallel with GMR
based devices. Subsequently, many enhancements have been developed to improve
the TMR of individual devices [55}64,65]. GMR devices became prevalent in high
density hard drives. The relatively small on-conductance of theses devices (on the
order of ;{2) prohibits the use of GMR devices as a mainstream replacement for
high performance DRAM or semiconductor memories. Tunnel junctions, however,
exhibit a resistance on the order of kf2, which is comparable with the resistance of
CMOS transistors. This characteristic has allowed MT] devices to become an in-
dustrial research focus as a potential replacement for DRAM [66-68].

During this era, field switched MRAM was the first MRAM technology to be
developed [69]. Similar to modern STT-MRAM, a bit is stored by flipping the mag-
netic state of the free domain within the MTJ. The switching mechanism, however,
is due to the application of current generated magnetic fields.

Crosspoint MRAM arrays were initially explored to provide high density mem-
ory arrays. The lack of a transistor or diode to act as a gating element, however,
limits the practical use of MRAM crosspoint arrays. Without a selection device,
sneak currents, illustrated in Fig. consume the bulk of the energy of a read
access, and reduce the observable resistance ratio to noise [67,70,71]. As a result,

MRAM-based crosspoint arrays were abandoned in favor of memories with one
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transistor and one resistor (1T-1R) cells.

Field switched MRAM continued to develop until a key issue limited scalabil-
ity. To switch the free layer of an MT] using current induced fields, two large cur-
rents are applied perpendicular to the array. At the intersection of these two cur-
rents, a single MT]J is switched. Large write currents, typically on the order of mil-
liampheres, require high power. This approach introduced the half-select problem
[72-75]]. Aseach currentis applied to the array, any unselected cells along the access
paths are partially exposed to stray magnetic fields. These cells may inadvertently
switch during a write. As a result, large arrays are susceptible to reliability and
retention problems. Note that as the technology is further scaled, the magnitude
of the magnetic fields did not commensurately change, causing additional MTJs to
be exposed to these stray magnetic fields. While field mode MRAM has become
a commercially successful non-volatile technology [76], this technology has been
relegated to embedded niche applications [66]. STT-MRAM, a second generation
MRAM technology entered development during the mid 2000s and is now being

considered as a potential replacement for both DRAM and SRAM [77,78].

2.2.2.2 Spin dependent tunneling

This change in the MT]J resistance arises due to the quantum mechanical phe-
nomenon of spin dependent tunneling [79]. An individual magnetic domain acts

as a reservoir of spin polarized charge. At the edge of the domain, i.e., the interface
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between a ferromagnet and an adjacent material, electrons encounter a potential
barrier, as in classical tunnelling. The key difference, however, is that the potential
barrier encountered by an incident electron is dependent on the spin orientation.
An individual ferromagnetic domain subjected to a current will act as a spin
filter, as illustrated in Fig. Those electrons that encounter the surface of the
domain scatter more if the electron spin polarity is opposite to the polarity of the
domain (anti-parallel electron spin). Electrons with the same polarity scatter less
and are more likely to transfer unimpeded through the domain (parallel electron
spin). The selective scattering of electrons generates a spin polarized current on
the far side of the domain. This behavior can be modeled as two conduction paths,
one for electrons with parallel alignment and one for electrons with anti-parallel

alignment [69].

Applied A
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> | Domain
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Figure 2.9: Spin polarization of a magnetic domain
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An MT] is a stack of two magnetic domains separated by an insulator, as illus-
trated in Fig. If both domains are the same polarity, the device exhibits a low
resistance (R.,,). With anti-parallel alignment of the domain, the MTJ exhibits a

high resistance (Rpgn).

() Rhigh ®) Riow
Figure 2.10: STT-MT]J device polarity in the a) high and b) low resistance states.

This characteristic can be understood by considering a single electron, as illus-
trated in Fig. For Ry..,, a parallel electron passes through a domain without
scattering, and encounters a second parallel domain. A low likelihood of scattering
is exhibited along the conduction path. Note that an anti-parallel electron scatters
at the interface of both domains. For an MT]J set to R,, a parallel electron is scat-
tered preferentially by the first domain. Anti-parallel electrons pass through the
first domain but scatter at the interface of the second domain. For an MT]J set to
Riow, only those electrons with anti-parallel orientation scatter, whereas R;,,, ex-

hibits high scattering along both conduction paths.
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Slonczewski proposed a model for a tunnel MT]J based on Schrodinger’s equa-

tion [80]. In this model, the conductance of an MT]J is

G = Go(1 + PyPicos(0)), (2.3)

where Py and P; are the current polarization due to, respectively, the free layer and
tixed layer, Gy, is the mean conductance of an MT]J at zero bias, and 6 is the angle of
separation between the magnetization of the free layer and the fixed layer. For ex-
ample, if the free layer and fixed later are parallel, & = 0°. If the free layer and fixed
layer are anti-parallel, § = 180°. By solving for the dependence of the conductance
on the angular separation between the polarity of the free layer domain, the output

conductance of the transient behavior of an MT] is determined.

(a) Anti-parallel (b) Parallel

Figure 2.11: Spin dependent electron transmission and reflection in an MTJ in the
a) anti-parallel, and b) parallel states.
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2.2.2.3 Free Layer Switching Dynamics

Switching an MTJ requires changing the polarity of the free layer. The dynamic
behavior of the magnetization polarity is classically modeled as a sphere, as illus-
trated in Fig. The arrow is the magnetic polarity or magnetization of the MT]J.
The vertical line spanning the sphere represents the easy axis of the free layer. The
magnetization of the free layer is most stable along this easy axis. Intuitively, the
two stable points on the sphere correspond to either the parallel or anti-parallel
polarity in an MT]J.

If the magnetization deviates from the easy axis, a damping torque acts against
the perturbation to restore the torque to the nearest stable point. To switch the MT]J

state, a switching torque must overcome the damping torque to ensure that the

‘ Stable point (parallel) ‘

Stable point
(anti-parallel)

(a) Initial state (b) Final state

Figure 2.12: Magnetic model of the free layer of an MTJ during switching in the a)
initial, and b) final states.
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magnetization crosses the equator of the sphere. If this condition is satisfied, the
damping torque switches direction and stabilizes the magnetization at the opposite
side, as illustrated in Fig

As the magnetization deviates from a stable point, the magnetization begins to
oscillate parallel to the hard axis plane, as illustrated by the circular arrows and
the vector v[M x Heg| in Figure This oscillation is called precession. This
effect can be ignored in magnetic memories as the oscillation has little impact on the
resistance of the MTJ in the final or initial states. The effect is, however, important
for other proposed applications of MT]s such as high frequency oscillators [81-83].
The angle 6 corresponds to the angle of the magnetization with respect to the easy
axis. In MTJs, this angle also corresponds to the angle of separation between the
free layer axis and the fixed layer axis. Based on the Slonczewicki’s conductance

model [84], the electrical switching dynamics of an MT]J are illustrated in Fig.

ﬁ"‘“’““‘””“”"‘W‘*Ww;\W/”V
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Figure 2.13: Electrical switching behavior of an MT]
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A tug-of-war occurs between the switching torque and the damping torque, as
illustrated in the figure. This conflicting behavior causes the MT] to oscillate until

the magnetization finally switches to the opposite polarity.

2.2.2.3.1 Landau-Lifshitz-Gilbert equation of motion A model that describes
this dynamic oscillatory behavior of an MTJ is the Landau-Lifshitz-Gilbert (LLG)

equation [85}86],

dM «Q
2 M x H,
o v [M x Heg] + 7

[M X Heff] + Teats (24)

where M is the magnetization vector, M, is the scalar saturation magnetization,
H.yy is the effective magnetic field, v is the gyromagnetic constant, and « is the
damping parameter.

The first term in the expression describes the precessional motion of the mag-
netization around the vertical axis of H.s;. The second term describes the damping
torque that pulls the magnetization towards H.;y, as illustrated in Fig. The
term 7.,; represents an external torque induced on the MT]. This external torque
can be generated either by a magnetic field or other phenomena. The relevant case

of current induced torques is described in Section[2.2.2.4
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Figure 2.14: Torque components within the LLG equation

2.2.24 Spin torque transfer

An external stimulus is required to switch the state of a magnetic domain. Mag-
netic fields are classically used to switch state. Spin torque transfer (STT), a phe-
nomenon first independently proposed by Slonczeweki and Berger in 1996, facili-
tates current induced switching of a magnetic domain [87,88]. In this phenomenon,
electrons incident on a magnetic domain transfer angular momentum to the do-
main. The transfer of angular momentum exerts a force on the magnetization of the
domain, as illustrated in Fig. A sufficiently large force overcomes the damp-

ing torque of the domain and switches the polarity. A classical current exhibits a
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random distribution of electron polarities. A spin polarized current, however, con-
tains a majority of electrons with a net spin. Application of a spin polarized current

to a magnetic domain exerts a torque on the magnetic domain.

Exiting electron after
transfer of spin
momentum

Incoming spin
polarized electron

\

Figure 2.15: Transfer of angular momentum from the electron to magnetic domains.

As described in Section[2.2.2.2} a magnetic domain behaves as a spin filter for an
applied current. The current passing through a domain attains a spin polarity par-
allel to the domain, and electrons spinning with the opposite polarity are reflected
off the domain. In this manner, the pinned layer of an MT] produces a spin polar-
ized current, as illustrated in Fig. A current that passes through the pinned
layer first attains the spin direction of the pinned layer. If the current is sufficiently
large, the free layer switches to the same state as the pinned layer. The process in
the reverse direction is similar, except that the reflected spin current interacts with
the free layer. Intuitively, the free layer attains a polarity opposite to the pinned

layer.
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Figure 2.16: Current induced torques in an MTJ during a) transmission, and b)
reflection.

2.2.24.1 Landau-Lifshitz-Gilbert-Slonczewskiequation Slonczewski modified
the LLG expression to account for the contribution of the current induced torque

as
vh
Ts = Sl M x (M x Iy), (2.5)

where I; is the current injected into the free layer, and V' is the volume of the free
layer. I is a vector quantity that describes the magnitude and direction of the net
spin associated with the inbound current. Note that the torque is dependent on the
crossproduct of the current and the magnetization. While the direction of I does
not change, the crossproduct of these terms changes as the magnetization moves
farther from the easy axis. This term is added to the classic LLG equation to de-

scribe the behavior of a single domain with an applied spin current.
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2.2.2.,5 Switching statistics and randomness of MT]Js

Thus far the magnetization dynamics have been described as a deterministic
process, where a current above some critical current induces switching. Practically,
the magnetization of a ferromagnetic domain undergoes temperature induced per-
turbation [89]]. This situation is manifested as a random torque applied to the mag-
netization. This effect is typically modeled using a Langvin random field [90].

The critical current density of an STT-MT]J characterizes the switching statistics

of a device. The zero Kelvin critical current density is [91]

_ 2eaMgtp(Hepp + 2m M)
c0 — hn 9

(2.6)

where ¢ is the thickness of the free layer, and 7 is the efficiency at which angular
momentum is transfered from a spin current to a magnetic domain. At a finite

temperature, the critical current density is [91]

B ksT [t
st B ()] e

where 7 is the relaxation time, and ¢, is the duration of the applied current pulse.
Note that % is often mentioned as the thermal activation factor (A). All of these
parameters are material and geometry based. The switching statistics of an STT-
MT]J are dependent on this critical current density as well as the amplitude and

pulse width of the current applied to the device. In current induced switching, an
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MT] switches into one of two regimes, precessional mode and thermally activated
switching [91].

Precessional mode switching is the high speed switching regime (below 5 ns)
where the current passing through the MTJ (J) is much greater than the critical
current density (J > 4Jy). In this case, the current torque is significantly larger
than the damping torque as well as the thermally induced random torque. The

probability of MTJ switching for a current pulse of duration ¢, is [91]

Hg MV
2kpT

nup

(1= cos’¢)| (J — Ju)sin®(¢)¢ = eMtp

P(t,) x exp

exp (J — Jeotp)| -

T
2
(2.8)

Thermally activated switching occurs when the applied current J is smaller
than the critical current density (J < 0.75J4). A sufficiently large random field

torque is required to assist the switching process. The switching probability in this

regime is [92]

P(t,) =1—exp {—%exp {— [;:;/(1 — JJ())} } . (2.9)

In the intermediate region (0.75.J < J < 5.J), switching is a combination of
precessional mode and thermally activated switching. A closed-form equation for

a device operating within this regime has been difficult to produce [91].
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2.2.2.6 In-plane vs perpendicular to plane MT]Js

STT-MT]s have been developed assuming two basic geometries, a planar device
and an perpendicular device. The key difference between these devices is the di-
rection and physical origin of the magnetic easy axis. An in-plane MT]J is patterned
to ensure the oval geometry of the free layer produces a magnetic easy axis along
the long axis of the oval within the plane of the device. Rather than geometric pat-
terning, a perpendicular device relies on the crystalline orientation of the magnetic
thin film to produce the MTJ easy axis.

This geometry reduces the stored magnetic energy of the device, lowering the
required switching current. Intuitively, the magnetization of an in-plane MTJ is
constrained along the plane of the device. The magnetization of a perpendicular
MT] is free to move in any direction, and the magnitude of the damping torque is

therefore smaller.

2.2.2.6.1 Macrospin approximation vs micromagnetic modeling The free layer
is assumed to behave as one contiguous unit. Practically, however, every atom in a
ferromagnetic material acts as a small bar magnet and can be described using the
LLG equation, as illustrated in Figure The assumption of a single contiguous
domain, known as the macrospin approximation, neglects several physical effects that
arise in the ferromagnetic domain.

Micromagnetic modeling of ferromagnetic domains considers the interactions
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(@)

Figure 2.17: MT] free layer magnetization and macrospin approximation failure
states: a) mono-domain, b) domain wall pinning and c) magnetic vortex state

within the magnetic material as well as edge effects caused by the geometry of the
domain [93]. Micromagnetic modeling is typically used to gauge the stability of
an individual magnetic domain to avoid failure states caused by magnetic forces
internal to the layer. One such state may cause the magnetic layer to fracture into
multiple domains where the sections of the free layer exhibit different magnetiza-
tion directions and a domain wall is pinned within the MT] free layer, as illustrated
in Figure [94-96]. Another failure condition, known as a vortex state, occurs
when the internal magnetic fields cancel, causing the domain to exhibit zero effec-
tive magnetization [94]. Each state is illustrated in Figure

While numerical analysis of these effects produces a more accurate transient
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simulation, the high computational complexity impedes the use of this technique
in circuit simulation. A macroscopic simulation of a single magnetic domain typi-
cally requires many seconds or minutes, whereas a micromagnetic simulation may
require multiple days. Some effort, however, has been dedicated to exploiting these
alternative magnetization states for novel devices [97-99]. In MT]Js, however, these
additional physical faults are modeled by micromagnetic simulation and are con-
sidered to be error modes. Furthermore, as the free layer shrinks with device scal-
ing, the macrospin approximation becomes more accurate. The smaller free layer

volume reduces the likelihood of domain wall migration [100,/101].

2.2.2.7 Simplified DC model of an STT-MT]

An STT-MT]J typically exhibits a peak 7'M R between 80% to 150%, correspond-
ing to roughly a 100% (or 2x) change in resistance. The peak T'M R is determined
with a near zero voltage bias across the MT], which decreases with increasing volt-
age across the device [102].

An STT-MT]J, however, cannot be treated as an ideal resistor. These devices
maintain a voltage dependent resistance that significantly lowers Ropr with in-

creasing bias. This effect can be modeled as an effective TM R,

TMRy

V2
1+ 4

TMR(Vyry) = , (2.10)
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where V)7 is the voltage across the device, and V), is the voltage bias across the
MT]J where the T'M R is reduced by 50% [103]. The bias degradation in the TM R
is primarily observed when the device is in the anti-parallel state (R,s); therefore,
R,, is typically assumed to be constant [104]. This basic model captures the DC
operation of an MTJ and is valid in all cases where V)7, is less than the minimum
write voltage of a device. Due to this bias dependence, the sense margin is de-
graded as compared to the ideal case. Notably, the transient characteristics of an
MT]J have little effect on the observed sense margin. The switching process of an

MT] is a discrete, random event where the resistance settles to either R,, or R,;;.

2.3 Metal Oxide RRAM

Resistive random access memory (RRAM) is a memristor technology based on
modulated conduction through a metal oxide. The device is either a bipolar or
unipolar memristor with a large resistance range and a large resistive ratio. RRAM
devices are continuous devices, which are of particular interest for high density
memories due to the interest in multi-bit memories and endurance lifetimes that
exceed NAND flash devices [105,[106].

These devices operate on the principle of dopant migration through the crystal
lattice of a metal oxide. Applying a voltage bias in the positive (or negative) direc-

tion increases (or decreases) the resistance of the device. In the following section,
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the physical structure, fabrication, switching process, and electrical characteristics

of RRAM devices are described.

2.3.1 Historical perspective

Resistive switching has been observed in oxide insulator films as early as the
1960s [107,1108], including TiO based devices in 1968 [109]. Much research was
conducted on these devices including the "filamentary model" [110], which pre-
sented the first description of resistive switching based on filaments. This research
focus, however, stalled due to the immature fabrication methods of the era and the
commercial success of DRAM and SRAM for semiconductor memories.

Since this period, confusion has arisen in nomenclature as many different physi-
cal materials and mechanisms have been labeled as RRAM devices, including mag-
netic materials [111], reduction-oxidation (redox) memories [112], as well as metal
oxide based devices. Alternative names such as OXRAM and ReRAM have mud-
dled the literature as well [27]. Consensus, however, has emerged that the mon-
icker, RRAM, refers to metal oxide memristors.

Binary oxides, such as H fO,, TiO,, and T'aO, have been the focus of recent re-
search activity. This interest is due in large part because of materials compatibility
and low cost in integrating these metal oxide materials with existing CMOS fabri-

cation processes. Significant research and development exist for these materials as
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alternative dielectric materials for high-k CMOS gates [113-115] and DRAM capac-
itors [116,[117]. Much of this research has been repurposed to develop fabrication
processes for RRAM devices.

In 2004, Samusung presented a 1T-IR RRAM "[confirming that RRAM] is highly
compatible with the conventional CMOS process such that no other dedicated fa-
cility or process is necessary" [118]. Recent efforts have focused on evaluating dif-
ferent material systems to determine the metal oxide technology most suitable for

commercial production.

2.3.2 Physical structure and fabrication

RRAM devices are patterned as simple thin film devices stacks, as described
in Section Early devices used a simple three layer structure, with an oxide
layer sandwiched between a metal capping layer and an electrode [27], as illustrated
in Figure The memristor behavior occurs within the defect rich oxide layer,
which is typically amorphous or polycrystalline. The metal capping layer provides
a reservoir from which oxygen vacancies are extracted and stored. Each stack is
patterned on a metal via between two metal layers.

As compared to other memristive devices, many RRAM devices require an ini-
tial electroforming step to initialize the device [27,119]. Electroforming is physically
equivalent to a soft dielectric breakdown process in the context of gate and DRAM

dielectric reliability [27,119]. In this process, a high electric field is applied across
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Figure 2.18: Material stack of RRAM devices

the oxide, placing stress on the material. Under high electric fields, oxygen atoms
migrate to the edge of the oxide, forming chains of oxygen vacancies within the
dielectric. These chains, referred to as conductive filaments, are electrical conduc-
tion paths [120-122]. Conductive filaments typically form along grain boundaries.
To create these conductive filaments, a formative step is required, where a high
voltage is applied across the memristor. Writing to the memristor is a process that
either breaks or reconnects these filaments. This initial high voltage formative step
reduces the voltage for subsequent filament formations during following writes.
Devices have been fabricated that either reduce the required voltage or avoid
the formative step [123-125]. A procedure has recently been developed for forming
free H fO, devices [126]. It is anticipated that this additional step will be avoided

with further manufacturing developments [123-125].
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2.3.3 Behavior of RRAM switching

RRAM switching can be generally understood as controlled and reversible ox-
ide breakdown. Switching an RRAM is based on one of two processes: 1) filament
formation (set to Rj,,), and 2) filament breaking (reset to Rj;,,). These processes
change the potential barrier of the material and alter conduction through the de-
vice. The mechanisms behind each of these effects are described in the following

section.

2.3.3.1 Filament formation (set to R;,,,)

The formation step is physically similar to the electroforming step, as described
in Section High electric fields ( > 10 MV) [27] are applied to the oxide, pro-
ducing a conductive filament across the oxide. Note that the voltage applied to an
RRAM during a write is much smaller than the applied voltage during electroform-
ing.

This formation process is physically similar to soft dielectric breakdown [127].
Under a voltage stress, oxygen vacancies drift from the enriched electrode into the
oxide, as illustrated in Fig. Individual oxygen vacancies migrate in the ox-
ide during the drift and diffusion mechanisms, analogous to carrier migration in
CMOS semiconductors [128], although the carrier mobilities are many orders of
magnitude smaller than silicon. The applied electrostatic potential and the electro-

chemical potential form gradients in the material that give rise to ion migration (see
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[128,129] for a complete treatment). Chains of oxygen vacancies form and produce

a low resistance path through the oxide.
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Figure 2.19: RRAM state after a) initial fabrication, b) filimant formation, and c)
reset.

2.3.3.2 Filament destruction (reset to Ry;g)

The physical mechanism behind filament destruction is a controversial topic
[27]. A complete physical model of switching for both unipolar and bipolar de-
vices remains elusive. It is known, however, that oxygen migration to break the
filaments is the mechanism behind switching, as illustrated in Fig Contro-
versy exists as to whether electrical or thermal mechanisms are the core mechanism
for oxygen vacancy migration [27]. High temperatures are thought to enhance oxy-
gen migration. Local heating in a junction is predicted to increase by hundreds

of degrees due to the large current flowing through a relatively narrow filament
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[37,130]. The electric fields applied during switching exceed tens of megavolts due
to the small size of the device. The switching mode of the device (unipolar versus
bipolar) is dependent on the electrode type. Devices with non-oxidizing electrodes
exhibit unipolar behavior. If an oxidizing electrode is introduced, these devices ex-
hibit bipolar behavior; Ti or TiN are typical electrode materials [27]. Many physical

models have been proposed [131}[132], however, consensus has yet to be reached.

2.3.3.3 Conduction through oxide films

While the memristive switching mechanism remains controversial, the conduc-
tion mechanism is well known. An oxide RRAM acts as a metal-insulator-metal
tunneling barrier. Consider a biased MIM potential barrier. Several paths exist for
an electron to tunnel into the cathode, each of which is illustrated in Figure[2.20][27].
Schottky emission processes elevate electrons to the conduction band through ther-
mal activation [133|134]. At high electric fields, Fowler-Nordheim (F-N) tunneling
allows electrons to tunnel through the reduced triangular portion of the barrier
[135,136]. Direct tunneling is classical tunneling through a potential barrier which
occurs when a potential barrier is sufficiently thin [135]. Oxygen vacancies also
behave as electron traps to enable conduction through the oxide. The dominant
conduction mechanism is highly dependent on the properties of the material (e.g,
bandgap, crystallinity), fabrication conditions (defect density, annealing tempera-

ture), and the region of operation.
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2.3.4 Simplified model of RRAM

Metal oxide RRAM (e.g. T'a:05, HfO, TiO,,) generally exhibit two physical
mechanisms to conduct current. Series conduction 70O, material systems [137] ex-
hibit resistive switching based on metal filaments that protrude across an insulator.
Memristive behavior is caused by migration of oxygen vacancies that either form
an electrical filament to "short out" the oxide and create a low resistance path, or
cause an existing filament to "break," creating a potential barrier. I-V characteris-

tics follow the description of a classical metal-insulator-metal (MIM) tunnel diode,

‘ Schottky emmision

‘ Fowler-Nordheim !
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Figure 2.20: Tunneling mechanisms in metal-insulator-metal junctions. [27]



53

where the barrier thickness is modulated, as illustrated in Fig. Intuitively, a
gap forms between the end of the filament and the electrode. This gap serves as
an insulator within the diode. These technologies utilize an initial electroforming
step to produce a complete filament before the diode-like memristive behavior is

realized [138].

Electrode Electrode
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Figure 2.21: Model of series conduction RRAM. The conductance of an RRAM
changes from a) a high conductance, small band gap structure to b) a low conduc-
tance large tunnel gap state. This behavior can be modeled as a resistor in series
with a diode with a variable conductance, as shown in ¢).

Oxides based on parallel conduction [137], such as TaO and HfO, exhibit a more
linear conduction characteristic. In these devices, the source of memristive behav-
ior is the cross-sectional area of the filament, as depicted in Fig. As the fil-
ament area approaches zero, the thin film behaves like a classic metal-insulator-

metal (MIM) diode. As the filament area increases, the device operates as a linear
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resistor. The device is therefore modeled as a MIM diode in parallel with a resistor,
where the memristive state changes the relative current contribution of the resistive

path as compared to the diode path.
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Figure 2.22: Model of parallel conduction RRAM. The conductance of an RRAM
changes between a) a more resistive state structure to b) a more nonlinear state.
In c), the electrical model contains two parallel paths where the magnitude of the
conductance of the resistor and the diode is dependent on the area of the electrode
terminal.

Intuitively, a series conduction mechanism is weakly dependent on the area of
the device, as an individual filament dominates the conduction process, and only a
single filament is required. A technology based on parallel conduction is bounded
by the area of the conduction channel. The maximum on-resistance is bounded by

the planar area of the thin film.
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2.4 Conclusions

Both metal oxide RRAM and STT-MRAM have undergone significant research
and development. These memristive technologies exhibit different properties that
affect the use of these technologies in memory applications. STT-MRAM is a dis-
crete bipolar memristor with high endurance and state retention, but suffers from
a low resistance and resistance ratio. RRAM is a continuous bipolar or unipolar
memristor with a high resistance ratio and state retention, but suffers from rela-
tively low endurance. The significant difference in performance of these technolo-
gies stems from the physical mechanisms that govern each device. STT-MRAM has
evolved from decades of research into magnetic memory devices. Resistive RAM is
based on material modulation of metal oxide thin films scaled to small dimensions.
As a result of these differences, each technology has a different set of circuit mod-
els, a different set of relevant characteristics for memory systems, and are generally

considered as competitive technologies in the memory marketplace.



Chapter 3

CMOS and the memory hierarchy

The early portion of the 21st century has been dominated by the collection, anal-
ysis, and proliferation of data for insight into natural processes and human endeav-
ors. These systems rely on ever more sophisticated memory circuits and systems to
provide efficient storage and access for computational engines. With the evolution
of CMOS transistor technology, DRAM and SRAM have proliferated as run time
memory for computers, while magnetic disks have served as secondary storage.
Modern memory organization and circuitry have evolved to leverage the strengths
of these technologies. Resistive memories, poised to replace these technologies,
will (at least initially) need to fit into the classic memory organization based on
semiconductor memories. The process of replacing SRAM, DRAM, and magnetic
disks with resistive memories and the organization of the memory hierarchy and

access circuitry are described in this chapter, concluding with a discussion of how

56
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the different memristive technologies can potentially replace semiconductor mem-

ory technologies.

3.1 History of memory systems

Modern microprocessor systems originate from Jon Von Neumann’s description
of the Electronic Discrete Variable Automatic Computer (EDVAC), in "First Draft of
a Report on the EDVAC" [139]. This unpublished, unfinished technical report out-
lined the basic computational structure of a stored program computer. "First: [a
computer] will have to perform the elementary operations of arithmetics most fre-
quently... therefore [it is] reasonable that it should contain specialized organs for
just these operations." "Second: The logical control of the device, that is the proper
sequencing of its operations can be most efficiently carried out by a central control
organ." "Third: Any device which is to carry outlong and complicated sequences of
operations (specifically of calculations) must have a considerable memory." "Fourth:
The device must have organs to transfer (numerical or other) information from [an
external recording medium] into [its specific parts]. These organs form its input..."
Fifth: The device must have organs to transfer (presumably only numerical infor-
mation) from [its specific parts]. These organs form its output..."

Drawing an analogy to the human body, the design of the EDVAC envisioned
a computer system that separated processing, memory, communication, and stor-

age into independent discrete systems. EDVAC, a computer composed of magnetic
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tape, diodes, and vacuum tubes, was one of the first binary electronic computers.
When discrete transistors and later integrated circuits were developed, these sys-
tems adopted the basic structure of the EDVAC. An unintended consequence of
adopting this system organization, however, was the "Von Neumann bottleneck."

"There is an old network saying: Bandwidth problems can be cured with money.
Latency problems are harder because the speed of light is fixed—you can’t bribe
God" [140]. In early computer systems, memory access and arithmetic processing
developed at approximately the same rate. As IC technology advanced, commu-
nication between the memory and the CPU became the primary performance con-
straint. To alleviate this problem, Intel x86 processors, beginning with the x386
series, supported board-level SRAM cache to enhance performance [141]. The next
generation x486 processor included on-die SRAM with an additional off-chip SRAM
cache, representing the first cache hierarchy in modern computer systems. Cache
memory was introduced and evolved to reduce the access penalty to main memory,
easing the Von Neumann bottleneck.

The introduction of cache memory coincided with the "frequency war" era of
microprocessors, as illustrated in Fig. Early systems began as single contiguous
memory with local registers for arithmetic processing, connected by a single main
data bus. As transistors shrank and device count per die began to surge, proces-

sors began to operate at higher frequencies. Higher on-chip frequencies, enabled



59

by shorter on-chip interconnects, operated much faster than board level intercon-
nects. In contrast, off-chip interconnect exhibited relatively little change in physical
lengths, remaining orders of magnitude longer and slower than on-chip intercon-
nections.

Initially, the cache memory was placed on a separate die on the same board or
package as the microprocessor, physically closer to the microprocessor than main
memory. As the disparity between processor speed and DRAM access time con-
tinued to diverge, additional levels were added to the cache hierarchy (see Figure
3.1). Level one (L1) caches are physically close to or within the microprocessor

pipeline and are generally small. Level two (L2), level three (L3), and so on are ad-

ditional layers of memory that are placed "closer" to the main memory. These cache

Classic Von Neumann Frequency Wars

Crossbar Interconnect L3 Cache

On package

Board level

Figure 3.1: Evolution of memory hierarchy with CMOS scaling
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memories exhibit both increased capacity and latency since these memories are far-
ther from the microprocessor than the L1 cache memory. To support these cache
memories and the increased performance of processor cores, buses also grew wider
to provide greater data bandwidth [142-144]. The frequency wars were stymied,
however, by increased unpredictability in fabrication and by power limits [145,146].

The modern multicore era arose as a method to increase IC performance, de-
spite frequency limits, introducing novel software and hardware paradigms [145].
For memory systems, this change introduced additional complexity as individual
cache memories needed more complex logic to arbitrate buses and data within the
cache memory as well as a more striated memory system [147,148|]. Scratchpad
memories [149-151] were introduced to complement the traditional memory hier-
archy. The increasing complexity and size of new and different applications de-
manded larger cache memories to operate more efficiently.

The increased transistor count and density has, traditionally, supported greater
on-chip cache and main memory capacity as well as increased speed (reduced ac-
cess time), managing data demands under the constraints of the Von Neuman bot-
tleneck. Both DRAM capacity and on-chip SRAM capacity have grown at an expo-
nential rate, as illustrated in Figure DRAM memory capacity increased in size
upon the introduction of the one transistor, one capacitor (1T) DRAM in the 1970s
through the 2000s. During the 2000s, DRAM production focused on smaller dies

with the same nominal capacity of approximately 4 Gb per die to increase process
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yield. Systems continued however to increase memory by incorporating more ICs
at the board level. The first 8 Gb DRAM die was demonstrated in 2009 with an IC
area of 98.1 mm? [152]]. In contrast, the first 4 Gb die was demonstrated in 2000 with

a 650.1 mm? area.
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Figure 3.2: Evolution of DRAM and SRAM memory capacity [152-164].

The scaling complexity of DRAM and SRAM, however, are now likely to de-
rail the continuous improvement of memory capacity and performance. From the
introduction of on-chip SRAM in 1989 to the mid 2000s, cache memory capacity
has doubled approximately every two years. Since 2006, on-chip SRAM capacity
has required, on average, 3.3 years to double in size. As discussed in Section[3.2.2
scaling of SRAM has slowed down while DRAM has become extremely difficult to

further scale.
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3.2 Overview of CMOS Memories

DRAM and SRAM serve as the primary memory in modern computer systems.
Flash memory is a non-volatile technology that serves as secondary storage. An

overview of each memory technology is presented in this section.

3.2.1 Dynamic random access memory (DRAM)

DRAM, invented by Robert Dennard of IBM [165], served as the work horse of
main memory since the introduction of the Intel 1103 in 1971 [166,167]. A DRAM

cell consists of two basic circuit elements, a transistor and a single capacitor, as

illustrated in Figure

BL |WL

1

Figure 3.3: DRAM cell.

An individual cell stores a state by storing charge on a capacitor. Writing a logic
"1’ requires biasing the bitline (BL) to a high voltage and turning on the selection

transistor via the word line (WL). The cell capacitor charges until the cell reaches
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the bitline voltage. The process for a logic "0 is the same but BL is biased to ground,
sinking any charge that may remain on the capacitor.

The process for reading a DRAM cell begins by charging BL to half the supply
voltage and connecting the select transistor. Once the select transistor is turned on,
the cell either pushes or pulls charge from the bitline, causing the voltage on the
line to, respectively, increase or decrease. A high stored state sources charge and a
low state sinks charge. This voltage change is compared to a reference voltage to
determine the DRAM state. An adjacent line without a connected cell is typically
precharged and provides the reference voltage.

Two system level issues arise with DRAM cells. First, a read operation deletes
the logic state from the cell, i.e., reads are destructive. Reads must be immediately
proceeded by a write back, which rewrites the data bit back into the cell. Second,
transistors are imperfect switches and leak charge from the capacitor over time.
Due to this leakage current, cells need to be periodically read and written back to

restore the charge on the capacitor, a procedure known as a refresh.

3.2.1.1 DRAM scaling issues

These system level complications as well as general fabrication complexities
compromise the performance of scaled DRAM. From a system perspective, de-
creases in cell charge and increases in leakage current require more frequent refresh

cycles and error correction overhead. Both of these system overheads decrease the
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availability of memory blocks during operation, reducing the performance of the
memory.

Fabrication of DRAM devices has also grown in complexity. DRAM capacitors
have evolved from classic planar MOS-based circuits to more complex stacked and
trench capacitor variants that provide greater capacitor density, and utilize insula-
tor materials with higher dielectric constants [16-18,[168]]. In a trench-based DRAM
cell, the capacitor is produced by etching a vertical hole into the CMOS substrate
[169]. In the mid-2000, a 90 nm process requires the height of the trench depth to
be roughly ten times the trench diameter. Early devices at the 20 nm node exhibit
a ratio of trench height to diameter of approximately 100 [21]. These growing chal-

lenges make DRAM scaling more difficult and costly than in previous generations.

3.2.2 Static random access memory (SRAM)

SRAM is a memory structure designed for high speed reads and writes. Unlike
DRAM, SRAM cells are connected to the power supply and therefore do not require
refresh or write back after a read. A six transistor (6T) SRAM circuit is a storage
latch connected to two differential bitlines, as illustrated in Figure All modern
SRAM cell variants, such as the eight transistor (8T), ten transistor (10T), and twelve
transistor (127T) cells, are based on the 6T SRAM cell.

During reads, the wordline (WL) is driven high, connecting the cell to the bit-

lines (BL and BL). Like DRAM, both BL and BL are initially precharged to VDTD If



65

BL BL

WL

[ o =l

o}

Figure 3.4: Circuit diagram of SRAM memory cell.

the stored state is logic '1,” current is sourced to BL and sunk from BL, purturbing
the voltages on the two bitlines in opposite directions. This differential signal is
more easily detected than in DRAM and thus the sensing process is much faster. In
older SRAM, the active connection to power and ground enabled a cell to directly
drive logic. For density and speed reasons, modern SRAM uses sense amplifiers
rather than directly connecting to logic [170,171]].

At the system level, SRAM is generally different than DRAM. Whereas an indi-
vidual memory location in DRAM is read infrequently, access patterns for SRAM
require near constant availability. This capability is especially importantin L1 cache
memory and register blocks which are within a microprocessor pipeline and ac-
cessed one to twelve times per cycle. As a result, L1 cache memories typically use
multiported cells, which provide multiple read and write ports per cell, as illustrated

in Figure[3.5] A read port (see Figure[3.5a) adds two transistors, a word line (WRL,),
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and a bitline (RL,) to a standard 6T SRAM cell. The WRL, connects the bitline to a
single transistor, which has the gate terminal connected to the internal node of the
latch and the source terminal connected to ground. The internal state stored within
the latch controls the impedance of the transistor, which is read from the bitline.
SRAM can also add write-read ports to a cell, as illustrated in Figure These
ports are identical to the access ports of a 6T SRAM cell. Additional access ports,

however, allow multiple on-going writes to cells within the same memory array.

3.2.2.1 SRAM scaling issues

In on-chip cache memories, the memory density is paramount in achieving sys-
tem performance and power efficiency. As compared to DRAM, the rate of increase
in SRAM capacity has slowed. On-chip memory has classically relied on 6T SRAM
for cache. During the mid-2000s, more specialized cell variants were introduced to
address specific problems with SRAM.

SRAM suffers from several problems as technology is scaled. First, each cell
maintains a constant connection between the supply voltage and ground, creating
a leakage current path that dissipates static power. To manage leakage currents
and to reduce area, SRAM cells are designed with higher thresholds and mini-
mum width transistors. As a result, there is reduced drive strength within the cell,
leading to smaller read currents and reduced cell stability. The reduced stability in-

creases the likelihood of accidental writes during reads, and errors due to random
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Figure 3.5: Circuit diagram of multiported SRAM memory cells: a) SRAM cell with
multiple read ports, and b) SRAM cell with multiple read /write ports.

external radiation [172-174].
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Process related complications have also reduced the reliability of SRAM. Ran-
dom variations in fabrication affect the drive strength of individual transistors,
causing each cell to produce different read and write currents. Over time, the tran-
sistors within an individual cell begin to accumulate charge within the transistor
oxide layer. This phenomenon, known as negative bias temperature instability (NBTI),
causes both PMOS and NMOS threshold voltages to degrade over time [175,|]176].
This degradation causes an SRAM cell to become less tolerant to noise voltages on
bitlines and power rails, increasing the likelihood of errors.

Several approaches have been introduced to combat these issues. To lower power,
power gating [177,178] and power stepping [179] have been introduced, where the
supply voltage of an SRAM block is reduced without compromising the stored
data. The stability of the cells is reduced in the low power state since the cache
is unavailable during a power down.

To improve cell stability, one approach is to use dedicated ports for reads and
writes. An 8T SRAM cell adds a read port to a 6T SRAM cell [180,/181], and ded-
icates the access port of the original 6T SRAM cell to writes. This method allows
the internal latch to be optimized for stability and low leakage current without in-
creasing errors due to read disturbances. One 10T cell variant improves the sensing
capability of SRAM by utilizing symmetric read ports to both internal nodes of the
latch, generating a differential signal for improved read performance [182]. Other

10T cell variants enable lower (potentially sub-threshold) operating voltages while
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maintaining the logic state of the cell [1831185]. Alternatively, the transistors within
the cell can be increased in size to enhance drive strength. While these techniques
improve stability, they also increase the area of the cells and peripheral circuitry.
Due to the additional design complexity and circuit area, the growth rate of on-

chip cache memory capacity has declined.

3.2.3 Flash memory

Flash memories are non-volatile, targeting long term storage. Unlike SRAM,
flash memory is not connected to a power supply to store a state. Flash also does
not require a refresh operation or a write back after a read, key advantages of flash
memory technology as compared to DRAM. Additionally, flash memory stores
multiple bits of storage within a single device, supporting a greater effective den-
sity than DRAM or SRAM.

Flash memory utilizes a device called a floating gate MOS transistor, as illus-
trated in Figure The device behaves similarly to a three terminal NMOS tran-
sistor. An additional metal layer, however, is placed between the gate terminal and
the transistor channel region. This layer, called the floating gate, enables mem-
ory storage within the device. The stored charge on the floating gate changes the
threshold voltage of the transistor, changing the channel resistance of the device.
The state information is stored and read out through the channel resistance. The

floating gate is electrically isolated from any conductors. This property enables
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the long non-volatile lifetime of flash memory. Under high electric fields, however,
electrons can tunnel through the insulator into the floating gate. Writes in flash

memory technologies therefore require large voltages, up to 20 volts [186].

Control gate

\ Floating gate

Tunneling oxide

Figure 3.6: Profile view of floating gate transistor.

Flash memory arrays are typically organized into either a NOR or NAND con-
figuration for read out, as illustrated in Figure NOR topologies typically pro-
vide fast read performance and simple interfacing with digital circuits. NAND
topologies exhibit significantly higher density than NOR circuits, but suffer lower
read performance and require a dedicated memory controller to interface with stan-
dard digital logic. A NOR topology is therefore used in embedded applications to
store startup software and operating systems for boot sequences, while NAND is
typically used as high density storage [186].

In NOR configurations, the MOS source and drain are connected, respectively,

to two parallel lines, the bit line and the source line (see Figure 3.7a). The MOS
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gate terminal is connected to a word line that traverses horizontally across the ar-
ray, perpendicular to the bit line and source line. Enabling the word line connects a
single flash transistor to a bit line and source line. The state of the floating gate tran-
sistor affects the current sourced from the bit line. The magnitude of the current is
evaluated to determine the state of the device. NOR flash memories use channel
hot electron (CHE) based injection into the floating gate, a mechanism that requires
the floating gate transistor to conduct current through the channel during a write
[187]. This process is inefficient at transferring electrons to the floating gate due to
an active DC current path to ground through the transistor. As a result, write oper-
ations in NOR arrays are typically slower and require greater energy than NAND
memories.

NAND configurations connect multiple transistors in series, as illustrated in Fig-
ure The key advantage of this approach is that multiple flash transistors are
connected in series. Each floating gate transistor within the array avoids bit line
contacts at the source and drain terminals. As a result, the size of a storage cell is
2.5x smaller than a NOR topology [186]. The read out is, however, slower due to
the high resistance of the series connected transistors. The physical mechanism for
writes is Fowler-Nordheim tunneling from the transistor body into the floating gate
[187,188]. This mechanism can be controlled by biasing the body and gate contact-

ing the flash transistor. Writes and erase operations therefore occur in parallel.
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Figure 3.7: Circuit diagram of flash memory array topologies: a) NOR organization,
and b) NAND organization.

3.2.3.1 Scaling issues

Several issues complicate scaling flash memories. From a fabrication perspec-
tive, the physical structure of a floating gate transistor is more difficult to realize
as the position and size of the floating gate are harder to control. Lithographic
technology for CMOS devices is currently based on 192 nm wavelength patterning

with multiple masks to expose finer layout dimensions [189]]. The lack of progress
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towards finer lithographic patterning wavelengths has also complicated the fabri-
cation of the floating gate within flash transistors.

The reduced size also degrades the data retention characteristics of the device.
Each generation of technology results in fewer electrons to store a state within a sin-
gle device, resulting in greater sensitivity to charge loss from the floating gate [190].
Flash memory based on 90 nm CMOS requires 50 electrons to shift the threshold
voltage of a floating gate transistor [26]. In 25 nm CMOS, the number of electrons
is approximately ten [26].

From an operational and reliability perspective, the primary scaling issues with
flash memory affect writing and storing to the floating gate within the device. The
high electric fields applied for each erase operation damage the tunneling oxide
[191]. A modern flash device can withstand thousands of erasures before failure.
The thinner oxides, required with deeply scaled technologies, are more susceptible
to oxide breakdown, resulting in shorter device retention time and write endurance
before failure. Industrial standards have typically held to a ten year retention time
with 10,000 writes before failure [187]. This standard has degraded to a one to five
year retention time with between 1,000 and 4,000 writes before failure [189].

Additionally, programming disturb errors have become a prominent issue [192].
During a write, cells adjacent to the selected cells are inadvertently biased, causing
the state within the unselected cell to change. Random telegraph noise in flash

transistors cause the drain current to fluctuate due to traps in the oxide, causing
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erroneous reads and writes to a flash transistor [193]. This effect becomes more
pronounced with scaling as the relative magnitude of the noise is much larger [193,
194].

Finally, the performance of flash transistors has also begun to decrease. Suc-
cessive generations of flash memory are subject to increased latency and reduced
bandwidth [195]. This behavior occurs both due to the increased resistivity of
the interconnect, and the increasingly complex error correction required in deeply
scaled flash memory.

3-D NAND technologies have been developed as a potential alternative to clas-
sical planar floating gate transistors [196]. This technology requires multiple layers
of silicon on a single substrate, where each layer contains a plane of flash transis-
tors. While these scaled technologies provide enhanced planar bit density, stacked
layers exhibit temperature sensitivity issues [197,(198], exacerbating the endurance

and reliability of flash devices.

3.3 Organization of the memory hierarchy

From a software perspective, memory appears as a single contiguous block that
stores data. In hardware, however, hierarchical layers of memory are stacked to
lower the average memory access time and power. Modern memory hierarchies

have evolved from the Von Neumann structure of main memory, caches, and disk.
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Each of these three layers are optimized for different goals. Main memory serves as
the primary location of all operating programs and is structured according to the
logical organization of the operating system. Cache memory emulates the mem-
ory system, but places a small subset of the data close to the microprocessor core,
thereby improving performance. Disks store programs offline for future use and
are optimized for high storage capacity. As a result, the access patterns of each

memory type differ significantly. Typical latencies for each layer within the mem-

ory stack is listed in Table

Table 3.1: Performance characteristics of modern memories [199]

Cache Bytes Access Access Cost per
Level per access time energy megabyte [
L1 cache and registers| 2to8 100’s of ps 1n] $1 to 100
L1, L2 cache 10 1to2ns 1 to 100 nJ $1 to 100
L2/L3/off-chip cache 100 5to 10 ns 10 to 100 n] $1 to 10
DRAM 1000 10 to 100 ns 1to10n]J $0.1
Flash 1000  |100 to 500 us|1 pJ (reads) 10 pJ (writes)|  $0.001
Disk 1000 1 to 100 ms 100 to 1000 m] $0.0000001

Beginning from the CPU, the L1 cache is a low latency, high bandwidth memory
block responsible for supplying data to the CPU (see Figure[3.8). L1 cache memory
and the local registers are accessed when a microprocessor is active. These cache
memories are small and optimized for low latency and energy. In general, mem-
ory systems place data as close to the CPU as possible. Cache memory access is

therefore strongly dependent on the application size and the data set. A smaller

!Memory IC cost is highly volatile. Estimating cache cost is dependent on the application. Both
consumer desktop microprocessors and ASIC microcontrollers may use 50% of the die area for
cache, but exhibit a vastly disparate cost based on the market and design complexity of each IC.
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Crossbar Interconnect E L3 Cache

Figure 3.8: Modern memory hierarchy

application may fit entirely into the L2 cache memory, resulting in infrequent ac-
cesses to the L3 cache. Larger applications will "spill over" into the L3, causing
more frequent accesses, and thus lower average application performance. For data
intensive applications, such as multimedia, the effect of the cache is small since the
primary system bottlenecks are the bandwidth and latency between the DRAM

and the on-chip cache memories.
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3.3.1 Hardware organization

The SRAM, DRAM, and flash memory blocks are internally organized as a hi-
erarchy of arrays, as illustrated in Figure At the top level of the hierarchy, each
array block is composed of multiple memory banks. Each bank typically contains
read and write ports with buffers to handle both internal and external bus arbitra-
tion and to manage multiple memory accesses. A bank comprises multiple sub-
banks interconnected with multiple internal blocks called mats. Within a mat is a
local array that directly interfaces with individual memory cells. From a systems
perspective, the local array is the fundamental block of the memory subsystem. All
of the higher level abstractions (e.g., banks and sub-banks) represent layers of in-
terconnect and decoding to organize and transmit stored data to and from the local

array.

Bank

[ ]
[ ]

Mat

Local
Array

Predecoder

Figure 3.9: Internal hierarchy of local arrays
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Two key reasons drive this memory organization as opposed to large monolithic
memory arrays. One reason is that reads and writes to different local arrays can op-
erate in parallel, increasing the effective bandwidth of the cache memory. Another
reason is that small memory arrays exhibit lower internal parasitic impedances,
leading to shorter sensing delay, reduced power, and simplified redundancy mech-
anisms [200,201]. A layered approach to memory block structures enhances both
the access time and energy for common application classes, while facilitating the

large memory space required in modern applications.

3.3.1.1 Structure of a local memory array

A read is initiated by first decoding the data address, accessing a cell within the
local array, sensing the voltage or current signal on the metal lines, and transmitting
the data out. To support this functionality, a local memory array consists of three
basic circuit blocks: row and column decoders, sense amplifiers, and the cell array;,

as illustrated in Figure[3.10]

3.3.2 Row selection and drivers

Upon arrival of the address to the local array, the remaining address bits are
decoded and an individual row is selected. Decoding proceeds by driving a set
of address lines (ADR,,) placed from top to bottom along the edge of the array.

Each row is permanently encoded to a specific address by selectively connecting the
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Figure 3.10: Structure of a memory array.

address lines to a NAND gate at the edge of the cell array. An example of a row with
address "0111" is illustrated in Figure In this case, a NAND gate of row seven
(b0111) is connected to ADR3, ADR,y, ADR;, and ADR,. If all of the inputs are high,
the NAND gate registers a logic ‘0" on the output, which feeds into the row driver
circuit. As the impedance of the wordline increases, the drive capability of the row
driver must also increase. In these situations, multiple gates with increasing output

current are cascaded to improve the drive strength [202,203].



80

ADR3ADR,ADR{ADR;

Y IYIVI|Y

Individual row

Pt e il |
53
=
S
=
=3
=
@

Figure 3.11: Schematic of logic circuit for row access for a four bit address (b0111).
The address b0111 is encoded by connecting the inputs of the NAND gate to ADR3,
ADRj, ADR4, and ADRy. The row driver triggers only if all of the inputs are at logic
11/

3.3.2.1 Sense amplifiers

Once the row is selected and the wordline is driven high, all of the cells along
the row are connected to a set of bitlines. A sense amplifier is located at the foot of
each column and detects the voltage difference on the line to determine the state
of the cell connected to the bitline (See Fig. [3.12a). The traditional CMOS sense
amplifier is a differential latch, as illustrated in Figure The sense amplifier
is initialized by lowering the SenseEnable signal to zero, disconnecting the out-
put terminals (Out and Out) from the array, and disconnecting the amplifier from
ground. Detaching the ground terminal forces both Out and Out to the same volt-

age. The memory cell is connected to the bitlines, producing a voltage difference.
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The sense amplifier is reconnected to both ground and the bitlines. In this initial
state, the amplifier is unstable. The difference in the bitline voltages causes the

circuit to switch to a stable binary state.

Column Drivers

BL BL

Sense Enable —| I— Sense Enable

Row Drivers

out @ ® Out
Ty i v I
|
i Sense Amplifiers ! Sense Enable—l
S B A AT B
To Peripheral Bus =

(a) (b)

Figure 3.12: Schematic of a local SRAM array: a) the topology of a local array with
sense amplifiers, and b) a latch type sense amplifier for column read out.

To read from a read port of an SRAM cell, where there is no differential sig-
nal, an alternative sense circuit is required. A dynamic sense amplifier based on
a precharge and discharge scheme is typically utilized [199], as illustrated in Fig-
ure This circuit precharges the bitline to ground and the internal node of the
sense amplifier to Vpp. Once the sense enable signal is triggered, the bitline begins
to charge. If the memory cell is in a high state, the corresponding transistor within
the read port is in a low state, draining the charge from the bitline. This charge

drain prevents the sense amplifier from changing state. If the memory cell is in the



82

opposite state, charge remains on the bitline and the sense amplifier switches state.
Vbp Vbp
A

Vbp

Voo et
— |
- [>o-

Precharge —| E

Out

Figure 3.13: Single ended sense amplifiers for dynamic sensing [204].

3.3.2.2 Cell array

The cell array stores data in a physical location, and consists of rows and columns
of individual cells, as illustrated in Figure The area of a memory cell quadrat-
ically affects the area of the array and the impedance driven by the peripheral cir-
cuitry. If N is the number of rows and columns in an array, and D is the height and
width of a cell, the area of an array is proportional to (N D)?. As the area grows,
the length of the wordlines and bitlines also grows, increasing the resistive and
capacitive load. Minimizing cell area is therefore of paramount importance. As a
result, traditional memory arrays are structured as either high performance memo-

ries or high density memories. High density memories minimize cell area and thus
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the area of the overall array to improve capacity at the cost of lower performance.
High performance memories use larger cells and additional ports to improve read
and write performance, increase cell stability, and reduce access conflicts during
operations.

In addition to the effect on area, the physical layout of the memory cell con-
strains the physical structure of the peripheral circuity. Row decoders and sense
amplifiers need to be the same physical height and width, respectively, as a memory
cell, as illustrated in Figure Pitch matching is more complex in multiported

memories as each additional port requires a separate set of sense circuits and row
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o Y ,,
— 1 - - - - - —
| |
| I
e I I I I -—
o I I
x _ | !
_|_ - - - - —|—
|
Ninninainal |
| |
| |
| |
| |
= Ol
| |
: k i Cells !

Figure 3.14: Structure of memory cell array.
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driver circuits, increasing the overhead of the peripheral circuitry.

row pitch
-
-
Individual decoder—-1 S S \[<— 1 - bit memory cell
BT

Figure 3.15: Pitch matching of row decoder [199].

These area considerations in memory blocks as well as system requirements
affect the tradeoffs among speed, stability, and energy. In SRAM, a shorter array
height has been shown to reduce latency due to shorter precharge and discharge
times for the bitlines [200]. Reducing the array height may increase the delay as
both the driver circuitry and the area of the peripheral decoders, buses, and control

logic is greater.
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3.4 Resistive memories within the traditional memory

hierarchy

As the scaling of traditional CMOS memories becomes more problematic, re-
sistive memory technologies offer a potential path for increased capacity with im-
proved system performance. Despite the important advantages of resistive memo-
ries such as non-volatility and high density, each memristor technology introduces
entirely new issues to the memory system design process. From a system design
perspective, there are two primary differences between charge based semiconduc-
tor memories such as DRAM and SRAM, and resistive memory technologies. The
first difference is the write endurance. Classic CMOS semiconductor memories ex-
hibit no practical endurance problems. The exception is flash memory, which is
limited to disk level applications due to relatively low endurance. A second differ-
ence is that resistive memories exhibit highly asymmetric read and write accesses,
both in terms of latency and power. Write power and latency are at least an order of
magnitude higher than for reads. In contrast, DRAM and SRAM exhibit symmetric
read and write latencies and energy per access.

These system level considerations constrain the use of specific memristive tech-
nologies to specific layers of the memory hierarchy. Typical parameters for those

resistive memory technologies considered here are listed in Table CMOS-based
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memory characteristics are included for comparison. STT-MRAM exhibits a resis-
tance range similar to CMOS. Both devices exhibit practically infinite endurance,
suggesting that cache level replacement of SRAM with STT-MRAM is practical.
RRAM with limited endurance is not yet suitable for cache memory but the large
tunable range and high density support replacing both DRAM and disk with RRAM.
Improving the endurance is, however, an active area of research and may some-
day enable RRAM for on-chip cache memory [106,/134,205]. Fine grain control
of the RRAM resistance enables multi-bit operation, opening the possibility of us-
ing RRAM for high density storage. To realize the potential of resistive memories,
circuits and architecture are required to leverage the relative strengths of each tech-

nology while managing existing device limitations.

Table 3.2: Characteristics of CMOS and resistive memory technologies

Figure Resistive switching | Spin torque transfer magnetic Bulk 22nm

of merit oxide (RRAM) tunnel junction (STT-MTJ) | CMOS transistor

Density 4F? 6F to 30F> 62
Ry, resistance range| 100 €2 to 100 k2 2k to 10 kQ 1 k€ to 50 k2

Resistance ratio 1to 10° 1.5t03 10°

Write latency 100 ps to 100 ms 2to20ns Circuit dependent

Tunability Fine grained control Bistable Circuit dependent

Endurance 10% to 102 > 10 Practically infinite

3.5 Conclusions

Memory systems originate from the Von Neumann architecture. This basic

structure has evolved to a mult-layer hierarchy consisting of cache memories and
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main memory, designed to alleviate the limitations of the Von Neumann bottleneck.
These classic CMOS systems utilize local memory arrays as fundamental building
blocks with a hierarchy of interconnect and decoding logic to transfer data. Each
memory array consists of storage cells and peripheral circuitry to access and store
data. The hierarchy of interconnect and decoding logic interfaces each local array to
external data buses. With the increasing demands on memory capacity and CPU
performance, the memory hierarchy will expand to incorporate additional cache
layers, more memory arrays within each cache memory and DRAM block, and a
greater number of cells within each local memory array.

As CMOS memories become more difficult to scale, memristive technologies
are poised to supplant both SRAM and DRAM. Resistive memories, however, in-
troduce new and different tradeoffs in array structure and organization, changing
the process in which memory systems are designed. Replacing CMOS memory
with memristor-based memory requires understanding the organization of exist-
ing systems, and the strengths and limitations of different and evolving memristive

technologies.
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Chapter 4

Multistate Register Based on
Resistive RAM

The traditional approach of increasing CPU clock frequency has abated due to
constraints on power consumption and density. To increase performance with each
CMOS generation, thread level parallelism is exploited with multi-core processors
[206]. This approach utilizes an increasing number of CMOS transistors to support
additional cores on the same die, rather than increase the frequency of a single
processor. This larger number of cores, however, has increased static power. Multi-
threading is an approach to enhance performance of an individual core by increas-
ing logic utilization [207], without additional static power consumption. Handling
each thread, however, requires duplication of resources (e.g., register files, flags,
pipeline registers). This added overhead increases the area, power, and complexity
of the processor, potentially increasing on-chip signal delays. The thread count is
therefore typically limited to two to four threads per core in modern general pur-

pose processors [208]].
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The high density, nonvolatility, and soft error immunity exhibited by RRAM
enables novel tradeoffs in digital circuits, allowing new mechanisms to increase
thread count without changing the static power. These tradeoffs support innova-
tive memory structures for novel microarchitectures. In this chapter, a memristive
multi-state pipeline register (MPR) is proposed that exploits these properties to
enable high throughput computing. The MPR is compatible with existing digital
circuits while leveraging RRAM devices to store multiple machine states within a
single register. This behavior enables an individual logic pipeline to be densely
integrated with memory while retaining state information for multiple indepen-
dent, on-going operations. The state information for each operation can be stored
within a local memory and recalled at a later time, allowing computation to resume
without flushing the pipeline.

This functionality is useful in multithreaded processors to store the state of dif-
ferent threads. This situation is demonstrated in the case study of a novel microar-
chitecture — continuous flow multithreading (CFMT) [209]. Itis shown that includ-
ing an RRAM MPR within the CFMT microarchitecture enhances the performance
of a processor, on average, by 40%, while reducing the energy, on average, by 6.5%.
The proposed MPR circuit can also be used as a multistate register for applications
other than pipeline registers.

Background of RRAM and crosspoint style memories is reviewed in Section

The operation of the multistate register is presented in Section 4.2} The simulation
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setup and circuit evaluation process are described in Section A case study ex-
amining the multistate register as a pipeline register within a CPU is presented in

Section 4.4} followed by some concluding remarks in Section

4.1 Background on Nonlinear RRAM Crosspoint Ar-
rays

RRAM has the greatest density when utilized in a crosspoint configuration. In
this structure, a thin film is sandwiched between two sets of parallel interconnects.
Each set of interconnects is orthogonal, allowing any individual memristive device
to be selected by biasing one vertical and one horizontal metal line. In this configu-
ration, the circuit density is only limited by the available metal pitch. The structure
of a crosspoint is shown in Figure [4.1a]

Crosspoint arrays have the inherent problem of sneak path currents [47], where
currents propagate between the two selected lines through unselected memristors.
The sneak path phenomenon is illustrated in Figure The nonlinear I-V charac-
teristic of certain memristive devices lessens the sneak path phenomenon [31]]. This
nonlinearity can be achieved by depositing additional materials above or below the
memristive thin film. Depending on the material system used for RRAM, the non-
linearity can result from an insulator to metal transition or a negative differential

resistance [31]. From a circuits perspective, the combined device can be modeled
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as a pair of cross coupled diodes in series with a memristor, as shown in the inset
of Figure Since the rectifying structure requires an additional thin film layer,

there is no effect on the area of the crosspoint structure.
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Figure 4.1: RRAM crosspoint (a) structure, and (b) an example of a parasitic sneak
path within a 2 x 2 crosspoint array
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AnI-V curve of a memristive device with cross coupled diodes is shown in Fig-
ure The device nonlinearity ensures that any unselected rows exhibit a high
resistance state several orders of magnitude larger than the memristor resistance.
The high resistance of the unselected devices reduces sneak currents and ensures
that the leakage power of the array is relatively small. A DC analysis of on and
off state memristors within a crosspoint is listed in Table where a 4 x 4 cross-
point with RRAM devices is DC biased at 0.8 volts. These RRAM devices exhibit
an on/off current ratio of 30. In an unrectified crosspoint, the observed current ra-
tio drops to less than two. The rectified crosspoint displays a current ratio of 28.5,
only 5% less than the ideal ratio of an RRAM device. Furthermore, the total power
consumption is reduced by almost an order of magnitude.

Table 4.1: Comparison of DC on/off memristor current for 4 x 4 crosspoint array

I,, [mA] | I,;; [mA] | Ratio | Average Active Power [mW]
Unrectified 2.3 0.132 1.7 1.45
Rectified 0.486 0.017 28.5 0.201

4.2 RRAM Multistate Register

The multistate register is a novel circuit used to store multiple bits in a sin-
gle logic gate. The multistate register is "drop-in" compatible with existing CMOS
based flip flops. The element utilizes a clocked CMOS register augmented by ad-

ditional sense circuitry (SA) and global memristor select (1/S) lines. The symbol
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ICurrent [A]
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Figure 4.2: I-V characteristic of a memristor for (a) a ThrEshold Adaptive Memristor
(TEAM) model with a 0.2 volt sinusoidal input operating at a frequency of 2
GHz, and (b) resistive devices with and without ideal cross-coupled diodes. The
parameters of the TEAM models are listed in Table Von is the on-voltage of the
diode, and Ron and Rorr are, respectively, the minimum and maximum resistance
of the memristor

and topology of the multistate register are shown in Figure[4.3] Multistate registers

can be used as pipeline registers within a processor pipeline, as shown in Figure
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Figure 4.3: Multistate register element. (a) Symbol of the multistate register, and
(b) block diagram with control signal timing. The symbol is similar to a standard
CMOS D flip flop with the addition of a symbol of the crosspoint array.

Timing

and further explained in Section

The M S lines select individual RRAM devices within the crosspoint memory
co-located with the CMOS register. A schematic of the proposed RRAM multistate
register is shown in Figure . The signals W, and R,,, are global control sig-
nals that, respectively, write and read within the local crosspoint memory. Signal

A sets the CMOS register into an intermediate state that facilitates writes and reads
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Figure 4.4: Multistate pipeline register (MPR) based pipeline with active and stored
pipeline states. The MPR replaces a conventional pipeline register and time multi-
plexes the stored states.

from the crosspoint. The gates within the CMOS register are reconfigured to pro-
vide a built-in sense amplifier for the RRAM crosspoint [204]. The overhead of the
additional circuitry (shown in Figure is relatively small (see Section [4.3.2).
The multistate register primarily operates as a CMOS register. In this mode,
the structure behaves as a standard D flip flop, where a single bit is stored and is
active while the idle states are stored within the RRAM crosspoint array. When
global control circuitry triggers a change in the pipeline state (e.g., for a pipeline
stall or context switch), the circuit stores the current bit of the register and reads out

the value of the next active bit from the internal RRAM-based storage. Switching
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between active bits consists of two phases. In the first half of the cycle, an RRAM
write operation stores the current state of the register. During a write operation, the
transmission gate A disconnects the first stage from the following stage, isolating
the structure into two latches. The input latch stores the currently evaluated state,
while the output latch stores the data of the previous state. Once W.,, goes high,
the input latch drives a pair of multiplexers that write the currently stored state
into the RRAM cell selected by the global M S lines. The active devices during the
write phase are shown in Figure[d.5b. The write phase may require more than half
a cycle depending upon the switching time of the RRAM technology. During the
second half of the clock cycle, the new active bit is selected within the resistive
crosspoint array and sensed by the output stage of the CMOS D flip flop. During a
read operation, the globally selected row is grounded through the common node
Nin. The voltage on the common line N, is set by the state of the RRAM cell. To
bias the RRAM cell, the common line is connected through a PMOS transistor to
the supply voltage Vpp. The voltage is sensed at the output of M1. If R,, is set
high, M1 to M5 reconfigure the last inverter stage as a single ended sense amplifier
[209], and the crosspoint array is read. The active devices during the read phase
are shown in Figure [4.5.

The physical design of the multistate register can be achieved by two approaches.
RRAM devices can be integrated between the first two metals, as illustrated in Fig-

ure or the RRAM can be integrated on the middle level metal layers, as shown
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Figure 4.5: Proposed RRAM multistate pipeline register. (a) The complete circuit
consists of a RRAM-based crosspoint array above a CMOS-based flip flop, where
the second stage (the slave) also behaves as a sense amplifier. The (b) write and (c)
read operations of the proposed circuit.

in Figure The middle metal layer approach allows the RRAM to be integrated
above the CMOS circuitry, saving area. A standard cell floorplan is shown in Fig-
ure [£.7b] where a dedicated track is provided for the RRAM interface circuitry.
This dedicated track runs parallel to the CMOS track. The addition of this track
wastes area in those cases where multistate registers are sparsely located among
the CMOS gates. Additional routing overhead increases the area required to pass

signals around the crosspoint array.
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The approach illustrated in Figure where the RRAM is integrated on the
lower metal layers, requires slightly more area but is compatible with standard cell
CMOS layout rules. Fabrication on the lower levels maintains standard routing
conventions, where the lower metal layers are dedicated to routing within the gates,

and the middle metal layers are used to route among the gates.
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Figure 4.6: Vertical layout of RRAM in MPR circuit for (a) lower level, and (b) mid-
layer crosspoint RRAM array
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Figure 4.7: Planar floorplan of MPR with lower metal and mid-metal RRAM layers.
The RRAM array is not marked in this figure since it is located above the CMOS

layer and has a smaller area footprint.

4.3 Simulation Setup and Circuit Evaluation

The multistate register has been evaluated for use within a high performance

microprocessor pipeline. The latency, energy, and area of the register are described

in this section as well as the sensitivity to process variations.

4.3.1 Latency and Energy

The energy and latency of an MPR are dependent on the parameters of an RRAM

device and the CMOS sensing circuitry built into the MPR. The RRAM device is

modeled using the TEAM model [210] based on the parameters listed in Table
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The parameters of the resistive device are chosen to incorporate device nonlinear-
ity into the I-V characteristic, as shown in Figure and described in Section
The multistate register is evaluated across a range of internal cross point sizes (e.g.,
different number of states per register). The resistance of the device is extracted
from [31]. The transistor and cell track sizing information is from the FREEPDK45
Standard Cell Library [211] and scaled to a 22 nm technology. Circuit simulations
utilize the 22 nm PTM CMOS transistor model [212]]. The RRAM and diode device
parameters are listed in Table Standard CMOS timing information for the reg-
ister is listed in Table The read operation requires 28.6 ps, equivalent to a 16
GHz clock frequency (the read operation is less than half a clock cycle). Hence, the
read operation is relatively fast and does not limit the operation of the multistate
register.

The performance of the multistate register is limited by the switching charac-
teristics of the RRAM device. The performance of the multistate register is demon-
strated on a 3 GHz CMOS pipeline. To maintain this performance, the desired
RRAM devices must be relatively fast [213]. These characteristics are chosen to
achieve a target write latency of a 3 GHz CPU. As mentioned in Section the
RRAM write operation occurs sequentially prior to the read operation. Due to the
sequential nature of the multistate register accessing the RRAM array, a half cycle

is devoted to the read operation.



Table 4.2: Memristor and diode parameters

Ron [k€2] 0.5

Rog [k2] 30

Kon -0.021-0.07
Ko 0.0021-0.007
Qon—off 3

lon [,U/A] -1

o [A] 1

Von (diode) [V] 0.5

Rous (diode) [11] 1

Table 4.3: Access latency of a 16 bit MPR

Clock to Q [ps] 11.2

Setup Time [ps] | 13.2

RRAM Read [ps] | 28.6
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The energy of the multistate register depends upon the RRAM switching la-

tency, as listed in Table ErLow—tigh and Epign— 10w are the energy required to

switch, respectively, to R,¢; and R,, for a single device write to the multistate reg-

ister crosspoint array. Since the switching time of the memristor dominates the

delay of a write to the multistate register, E'1o— righ and Eygn—row increase linearly

as the switching time increases. Note that the read energy only depends on R,,

and R,y and is therefore constant for different switching times. The read energy,

however, depends on the size of the crosspoint array (i.e., the number of RRAM

devices), as listed in Table

Table 4.4: Write latency and energy of a 16-bit multistate register

Write Time [cycles @ 3 GHz] | 0.5 1.5 2.5 3.5 4.5
ErLow—tigh [f]] 224 | 526 | 83 |1049 | 13.23
Etigh—rLow [f]] 3.78 | 10.33 | 16.89 | 23.5 | 30.08
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Table 4.5: Read access energy of RRAM

States per Multistate Register | 4 States | 16 States | 64 States
Eread,Off [f]] 1.6 2.2 3.5
E’read70n [f]] 0.33 0.41 0.71

4.3.2 Layout and Physical Area

The layout of the proposed RRAM multistate register is shown in Figure
The layout of the multistate register is based on 45 nm design rules and scaled to
the target technology of 22 nm. The number of RRAM devices within a crosspoint
array is scaled from four devices to 64 devices. The MPR is evaluated for both the
middle metal and lower metal approaches, as described in Section[4.2] The physical

area is listed in Table[4.6
Table 4.6: MPR area

Area [;m?]|Overhead [%] |Overhead per State [%]
CMOS Register (1 state) 2.8 - -
MPR 4 states 5.5 96.2% 24%
Lower Metal MPR 16 states 6.3 126.5% 8%
MPR 64 states 8.1 192.5% 3%
MPR 4 states 3.9 41.3% 10.3%
Middle Metal MPR 16 states 4.3 54.7% 3.4%
MPR 64 states 5.2 87.9% 1.4%

The transistors required to access the crosspoint, as shown in Figure domi-
nate the area overhead of both the lower metal and middle metal multistate register.
Due to the relatively small on-resistance of the RRAM devices, the access transistor
needs to be sufficiently large to facilitate a write operation. Additionally, CMOS

transmission gates are used to ensure that there is no threshold drop across the
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pass transistors. As a result, the area of the crosspoint memory is only a small frac-
tion of the area overhead of the multistate register. Note that alternative RRAM
technologies with a higher R,, supports smaller transistors and less area. Under
these constraints, the most area efficient structure is a 64 bit array, as the overhead
per state is, respectively, 0.08 um? for the lower metal approach and 3.75 um? for
the middle metal approach.

As shown, the middle metal register requires less area than a lower metal mul-
tistate register. As described in Section #.2]and depicted in Figure 4.8b, the mid-
dle metal register requires an additional track dedicated to the control transistors
within the crosspoint array. Positioning the crosspoint array over the register also
adds complexity as the upper metal layers can no longer be used to route signals

above the multistate register.

4.3.3 Sensitivity and Device Variations

The sense amplifier compares the voltage across a biased RRAM device to a
voltage level generated within the circuit. Any voltage above the voltage level pro-
duces a logical zero at the output, and any voltage below the voltage level produces
a logical one. Similar to digital CMOS circuits, the structure is tolerant to variabil-
ity in the RRAM resistance. To evaluate the sensitivity of the circuit to variations,
the nominal R,, is varied from 0.35 to 0.65 kf2. This range produces a maximum

and minimum change of £2 mV in the voltage input of the sense amplifier. For
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Figure 4.8: Physical layout of 64 state MPR within the crosspoint array on (a) lower
metal layers (M1 and M2), and (b) upper metal layers (M2 and M3) above the D flip
flop.

21 kQ < Ropr > 39 k€2, a voltage ranging from -40 mV to +26 mV is produced. Both
ranges represent a 30% variation in the device resistance of R,, and R,;. In these
cases, the correct output state is read out, indicating a high degree of tolerance to
variations in the RRAM resistance.

The RRAM circuit can tolerate an R,,, of up to 12 k€2 before the circuit produces
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an incorrect output. In a 64 bit multistate register, this behavior corresponds to an
increase in the RRAM read delay from 78 ps to 476 ps. With increasing R,,, the
sense amplifier no longer generates a full range signal at the output, dissipating
static energy. Much of this increased delay is due to the device operating near the
switching threshold of the sense amplifier.

As R, varies from 30 k€2 to 300 M2, the performance of the circuit improves
due to two effects. As the resistance increases, the voltage at the sense amplifier
input also increases, placing the transistor into a higher bias state, which lowers the
delay of the sense amplifier. Additionally, the large resistance of the sensed RRAM
device prevents the sense line within the crosspoint array from dissipating charge,
maintaining a high voltage at the input of the sense amplifier. Counterintuitively,
this effect lowers the delay when R, is greater than 30 M(2. Due to the interplay
of R,, and R,ss, a delay tradeoff therefore exists between the average resistance of

the RRAM technology and the resistive ratio of the device.

4.4 Multistate Registers as Multistate Pipeline Regis-

ter for Multithread Processors — A Test Case

Replacing CMOS memory (e.g., register file and caches) with non-volatile mem-
ristors significantly reduces power consumption. Multithreaded machines can ex-

ploit the high density and CMOS compatibility of memristors to store the state of
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the in-flight instructions within a CPU with fine granularity. Hence, using mem-
ristive technology can dramatically increase the number of threads running within
a single core. This approach is demonstrated in this test case, where RRAM multi-
state registers store the state of multiple threads within a CPU pipeline. In contin-
uous flow multithreading [209], the multistate registers are used as MPRs to store
the state of multiple threads. A single thread is active within the pipeline and the
instructions from the other threads are stored in the MPRs. The MPRs therefore
eliminate the need to flush instructions within the pipeline, significantly improv-
ing the performance of the processor.

To exemplify this behavior, the performance and energy of a CFMT processor
with the proposed RRAM-based MPRs have been evaluated [214]. To evaluate the
performance, the GEM5 simulator [215] is extended to support CFMT. The energy
has been evaluated by the McPAT simulator [216]. The simulated processor is a
ten stage single scalar ARM processor, where the execution stage operates at the
eighth stage. The performance and energy of the CFMT processor are compared
to a switch-on-event (SoE) multithreading processor [217], where a thread switch
occurs for each long latency instruction (e.g., L1 cache miss, floating point instruc-
tions), causing the pipeline to flush. The characteristics of the evaluated processors
are listed in Table The energy is compared to a 16 thread processor (i.e., with
an MPR storing 16 states) which is a sufficient number of threads to achieve the

maximum performance for most benchmark applications.
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Table 4.7: SOE MT and CEMT processor configurations

Switch on Event| RRAM-based CFMT
Number of pipeline stages 10
CMOS process 22 nm
Clock frequency [GHz] 3
Switch penalty [cycles] 7 \ 1to5
L1 read/write latency [cycles] 0
L1 miss penalty [cycles] 200
Data L1 cache configuration 32 kB, 4 way set associative
Instruction L1 cache configuration 32 kB, 4 way set associative
Branch predictor Tournament , Ishare 18kB/gshare 8kB

Table 4.8: Performance speedup for different MPR write latencies as compared to
switch-on-event multithread processor for CPU SPEC 2006

MPR Write Latency [clock cycles]

Benchmark 1 5 3 i 5

libquantum 135128 | 1.21 | 1.15 1.09
bwaves 1.22 1 1.15 | 1.08 | 1.04 1

milc 147 | 126 | 1.18 | 1.11 1.06
zeusmp 1.85 (159 | 1.40 | 1.29 1.21
gromacs 153 | 1.32 | 1.21 | 1.17 1.14
leslie3d 1.67 | 148 | 1.33 | 1.22 1.15
namd 140 | 1.24 | 1.15 | 1.08 1.04
soplex.pds-50 135|128 | 1.21 | 1.16 1.1
Ibm 1.5 131 | 1.2 | 1.12 1.08
bzip2.combined 1.13 | 1.1 | 1.08 | 1.05 1.03
gcc.166 1.35 128 | 1.21 | 1.15 1.09
gobmk.trevorc 1.3 11241119 |1.14 1.09
h264ref.foreman_baseline | 1.06 | 1.02 1 1 1

GemsFDTD 145 | 1.3 | 1.18 | 1.08 1.04
hmmer.nph3 1.18 | 1.14 | 1.11 | 1.07 1.04
soplex.ref 1.7 1142|129 | 1.19 1.1
gcc.c-typeck 133 | 1.26 | 1.21 | 1.15 1.1
gobmk.trevord 129 {123 |1.18 | 1.13 1.08
Average 140 [ 1.27 | 1.19 | 1.13 1.08
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Table 4.9: Energy and area for CFMT test case

Switch on Event RRAM-based CFMT |Difference
9.1 @1 cycle penalty [-91.7%
19.1 @ 2 cycle penalty|-82.6%
Thread switch energy [p]]{109.9 29.2 @ 3 cycle penalty |-73.4%
38.4 @ 4 cycle penalty|-65.1%
48.2 @ 5 cycle penalty|-56.1%
Processor area [mm?] 123.276 126.426 2.55%

The performance of the processors is measured by the average number of in-
structions per clock cycle (IPC), as listed in Table The average speedup in per-
formance is 40%. A comparison of the thread switch energy is listed in Table
The average energy per instruction for various CPU SPEC 2006 benchmarks is listed
in Table where the average reduction in energy is 6.5%. The area overhead for
an 16 thread CFMT as compared to a SOE processor is approximately 2.5%, as listed

in Tabled.9

4.5 Conclusions

Emerging memory technologies, such as RRAM, are more than just a drop-in
replacement to existing memory technologies. In this chapter, a RRAM based mul-
tistate register is proposed using an embedded array of memristive memory cells
within a single flip flop. The multistate register can be used to store additional data
that is not conventionally contained within a computational pipeline.

The proposed multistate register is relatively fast due to the physical closeness
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Table 4.10: Energy per instruction for different CPU SPEC 2006 benchmark appli-
cations

CFMT
Benchmark SOE. MT RRAM MPR—Write Latency
[p)/inst.] 1 cycle | 2 cycles | 3 cycles | 4 cycles | 5 cycles
[pJ/inst.]|[p]J/inst.]|[p]/inst.]|[p]/inst.] | [p]/inst.]

libquantum 15.17 14.12 14.29 14.46 14.63 14.80
bwaves 19.63 18.83 19.03 19.25 19.42 19.42
milc 24.51 22.61 23.23 23.47 23.74 2411
zeusmp 21.10 18.04 18.62 19.19 19.18 19.95
gromacs 30.16 27.94 28.62 29.05 29.23 29.34
leslie3d 27.27 24.72 25.20 25.68 26.08 26.39
namd 22.90 21.42 21.91 22.21 22.50 22.65
soplex.pds-50 17.62 16.52 16.71 16.88 17.03 17.20
Ibm 22.54 20.29 20.90 21.36 21.76 21.94
bzip2.combined 21.86 21.44 21.51 21.65 21.65 21.72
gcc.166 19.37 18.32 18.49 18.66 18.83 19.01
gobmk.trevorc 23.05 22.15 22.28 22.71 22.56 22.71
h264ref.foreman_baseline| 25.95 25.27 25.35 25.50 25.69 25.76
GemsFDTD 23.89 21.88 22.43 22.99 23.36 23.49
hmmer.nph3 24.27 23.65 23.75 23.84 23.84 24.04
soplex.ref 21.92 19.47 20.04 20.44 20.80 21.17
gec.c-typeck 19.94 19.16 19.12 19.27 19.43 19.58
gobmk.trevord 22.73 21.71 21.87 22.40 22.25 22.40
Average 22.44 20.97 21.30 21.61 21.78 21.98

of the CMOS and RRAM devices. A 16 bit multistate register requires only 54% ad-
ditional area as compared to a single state standard register. The multistate register
is also relatively low power due to the non-volatility of the resistive devices.

As an example, the proposed multistate register has been applied to a continu-
ous flow multithreading processor, exhibiting a significant performance improve-
ment of 40% as compared to a conventional switch-on-event processor. An RRAM-
based MPR therefore enables novel microarchitectures, such as the CFMT. The pro-

posed multistate register is shown to significantly improve performance and reduce
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energy with a small area overhead.
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Chapter 5

Reducing Switching Latency and
Energy in STT-MRAM with

Field-Assisted Writing

5.1 Introduction

The performance scaling of modern computing systems is largely constrained
by conventional memory technologies. Six transistor (6T) SRAM, which has long
been the workhorse of high performance caches, is projected to be replaced by
8T, 10T, and 12T variants to tolerate retention errors, variability, and read distur-
bance [218]. As a result, SRAM density has not increased commensurately with
CMOS scaling.

Emerging resistive memories, which rely on resistivity (rather than charge) to
carry information, have the potential to scale to much smaller geometries than
charge based memories (e.g., SRAM). The smaller cell area, near-zero leakage power,

and enhanced scalability make resistive memories viable alternatives to SRAM and
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DRAM in next generation memory systems. Among other resistive memories,
spin-torque transfer magnetoresistive RAM (STI-MRAM) exhibits low access la-
tency (< 200 ps in 90 nm) [219], densities comparable to DRAM (8£?) [220], and
practically unlimited endurance [41]. STI-MRAM is close to becoming a CMOS-
compatible universal memory technology. 64 Mb STT-MRAM products have al-
ready entered the marketplace [221]]. Despite these advantages, STT-MRAM gen-
erally suffers long write latency and high write energy, which constrains the use of
STT-MRAM to low activity caches (e.g., last level cache).

The storage element in an STT-MRAM cell is a magnetic tunnel junction (MT]J),
which is the primary factor limiting the speed of STT-MRAM due to the relatively
long switching latency. In addition, the write energy of STT-MRAM is orders of
magnitude higher than SRAM. A constant, large amplitude current must be applied
during the entire switching period, which dissipates large static power.

To address these issues, an MRAM field-assisted mechanism is proposed to be
incorporated into STT-MRAM. The physical topology utilizes an assistive field cur-
rent to destabilize the MT] during switching, which reduces the switching latency
of STT-MRAM by an order of magnitude, from 6.45 ns to 0.62 ns. The additional
energy consumed by the field current can be amortized by applying the field over
arow of STT-MRAM cells (along with the wordline), which leads to an 82% reduc-
tion in energy per cell. Evaluation of a microprocessor cache system demonstrates a

55% average energy reduction and a 5% speedup as compared to a standard SRAM
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cache subsystem. Different from previous work [222] that trades off STT-MRAM
retention time for improved write speed and energy, the approach described in this
chapter does not require modification of the MTJ structure nor is the data retention
time compromised.

The rest of this chapter is organized as follows. Background on STT-MRAM and
cell topologies is provided in Section The field-assisted writing mechanism is
described in Section Models of an STT-MRAM cell and array are presented,
respectively, in Sections [5.4 and Several STT-MRAM cell variants (with and
without the applied field) are compared with SRAM within a microprocessor cache

system in Section[5.6] Some conclusions are offered in Section 9.5
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Figure 5.1: Demonstrations of a) the domain dependent polarization effect, b) an
MT]J stack, and c) the spin torque transfer effect.
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5.2 MT] Background

5.2.1 MT] structure and operation

An MT]J is a two terminal resistive element that operates on the principle of
spin dependent conduction through magnetic domains [41,49,50]. When applying
a current to a magnetic domain, two spin currents (with opposite polarization) are
generated across the device due to spin dependent tunneling and reflection, as il-
lustrated in Figure Electrons passing through the domain exhibit a net spin
polarization aligned with the magnetic domain, whereas electrons reflecting off the
domain have a net spin anti-parallel to the domain.

An MT]J is a stack of two magnetic layers separated by a tunneling oxide, as illus-
trated in Figure One layer has a fixed magnetization direction, and the other
(free layer) can flip between two opposite polarities, one parallel to the fixed layer
and the other anti-parallel. When domains in the two layers are aligned (in paral-
lel), electrons passing through both layers will be unimpeded; the MT] exhibits a
low resistance (R1,,). When domains in the two layers are anti-parallel, however,
an electron will obtain a net polarity in one layer, and enter a layer with the opposite
polarity. The electron may reflect off in the second domain. This effect increases
the MT]J resistance (Rpigp).

Conventional MRAM circuits use two large orthogonal currents to generate

magnetic fields within the free layer. These fields must be sufficiently strong to
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induce a torque on the magnetization, which eventually induces a reversal in the
polarity of the free layer. STT-MRAMSs, however, utilize spin-dependent currents
to alter the polarity of the free layer, as illustrated in Figure With reverse bias,
current passes through the fixed layer and attains a large net magnetic polarity.
Electrons in the STT current transfer angular momentum to the electrons in the free
layer, thereby inducing a net torque on the free layer polarity. When the magnitude
of the STT current reaches a threshold, the generated torque switches the free layer
to a parallel alignment with the fixed layer. The switching mechanism is similar
in the forward bias case, except that the free layer is subjected to a reflected spin
current with a polarity anti-parallel to the fixed layer. The free layer will therefore

switch to an anti-parallel alignment.

5.2.2 MT] switching dynamics

Spin polarization of electrons incident on a free layer induces a torque on the
magnetic polarity. This torque, depicted in Figure is immediately countered
by a natural damping torque, which acts to stabilize the magnetic polarity along the
long axis of the domain. When the current induced torque is sufficiently large to
overcome the damping torque, the domain polarity is aligned with the short axis.
At this point, the damping torque switches sides and assists the current induced

torque which switches the polarity of the domain.
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Note that this switching process is inherently stochastic. Since the current in-
duced torque is parallel or anti-parallel to the resting polarity of the device, the
effective torque on the polarity is zero (the cross product of two parallel or anti-
parallel torques is zero). If the polarity deviates slightly from a resting position,
the cross product becomes non-zero. This deviation is due to thermal fluctuations
within the MTJ device. The probability of STT switching is therefore based on the

magnitude of the current, bias duration, and ambient temperature [91].

5.2.3 Field-assisted switching

Stochastic switching requires that random thermal fluctuation must be suffi-
ciently large to allow for STT current induced switching. Utilizing a perpendicular
magnetic field during the switching process directly addresses this issue. Field-
assisted switching requires application of an orthogonally oriented magnetic field
in addition to the STT current to reduce the switching latency. The magnetic field
torque destabilizes the MT]J polarity towards the short axis, as illustrated in Figure
As aresult, the spin transfer torque exhibits a larger effective magnitude. This
method ensures that the process is less reliant on random thermal fluctuation for

switching to occur.
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Figure 5.2: Switching dynamics for a) standard STT switching, and b) field-assisted
STT switching.

5.2.4 STT-MRAM cell structure

STT-MRAM is CMOS-compatible. A typical one transistor, one MT] STT-MRAM
cell is shown in Figure The MT]J serves as a storage element and the resistance
represents a single data bit. The access transistor, in series with the MT], behaves
as a gating element. To read a cell, the wordline (WL) is asserted and the resistance
of the MT] is sensed. To write a cell, the wordline is turned on and the cell is driven
by a write current. The direction of the write current determines the value of the

bit written into the cell.
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5.3 Field-assisted STT-MRAM
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Figure 5.4: Current biasing schemes for a) a conventional MRAM, b) an STT-
MRAM, and c) the proposed field-assisted STT-MRAM

Since the introduction of the spin torque transfer effect into MT] switching [41],
MRAMs have exclusively used this effect for writing. The STT effect, however, can
complement the field-assisted excitation of the magnetic free layer within an MT].
Classical MRAMs use two perpendicular currents with a single selected MTJ at
the intersection to produce a magnetic field that acts on the free layer of an MT]
(see Figure 5.4a). This approach suffers from two key issues: (1) the use of two

currents to switch a single bit consumes a large amount of energy, and (2) the MT]s
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in adjacent columns and rows are half-selected by the high fields caused by the
write currents, constraining the design space to avoid erroneous writes [223]].

The STT effect overcomes these problems by using a single current that passes
through the MT]J. This technique enables a row of MTJs (along the wordline) to be
written in parallel, as illustrated in Figure The direction of the applied current
translates into the final state of the MT]Js, i.e., a forward bias exclusively sets the
device to "0," and a reverse current exclusively sets the device to "1." The switching
current is much lower than that of toggle-mode MRAMs, which alleviates the half-
select problem. The write latency, however, remains significantly longer than the
read latency, and the switching energy is also significantly greater than SRAM.
Supplying a sufficiently large write current requires a large access transistor, which
reduces the density of the circuit.

The approach proposed herein combines an STT-based current with a field-
generating current used in toggle-mode MRAM circuits. In this approach, the field
current produces an assistive magnetic field that destabilizes the MTJs across a row.
Each MT]J is biased with an STT current that controls the switching direction of
the MT]Js in each column. Use of a field current in this manner has two beneficial
effects: (1) the alignment of the field with respect to the MTJ can destabilize the
device, which reduces both the write latency and energy, and (2) the field current
is shared across the row, ensuring that the energy consumption of the field current

is amortized across all of the cells within a row.
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5.3.1 Related work

External magnetic fields are used in conventional MRAM as the primary switch-
ing mechanism. This work shows that the superposition of an external magnetic
tield with local STT currents reduces both the switching latency and energy while
removing the issue of half-select disturbance in on-chip, write intensive memories.
The use of both a magnetic field and an STT current for switching was demon-
strated physically in [224] but explored the context of discrete off-chip memories
as a replacement for conventional MRAM switching. The approach in [224] used
a nascent STT device and an older CMOS technology. The aggressive sizing and
structure are limited to "DRAM-replacement” applications where the design rules
facilitate denser cell layouts. In the proposed method presented here, the magni-
tude of the applied current and size of the memory are used to reduce the switching
latency of the MTJ device. For the first time, the combination of the reduced latency
and the shared switching current are shown to lower the system level energy con-
sumption of a cache, resulting in both power and performance improvements.

A patent by Andre et al. presented a similar structure that utilizes a field cur-
rent to set the MT] device to an initial reset state (either R,, or R,s) prior to writing
the device. This method enables the uni-directional cells and diodes to select the
individual memory cells [225], which provide cell density advantages appropriate

for "DRAM-replacement" memory applications. A reset process, however, requires
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the MTJ devices to undergo two switching events for every write, one to switch to
a reset state (either R,, or R,;), and a second switching event to write the correct
state for the remaining bits. This process doubles the write latency of an MRAM
array. The approach presented in this chapter requires CMOS transistors for bipo-
lar switching and utilizes magnetic fields to enhance the dynamic behavior of the
switching process to reduce the energy of a write, while sharing the field current
to amortize the energy across multiple columns. The device is not reset to a stable
state but rather an additional torque is applied dynamically to enhance the switch-
ing process, reducing the overall write latency and enabling use in latency critical

application.

5.4 Model of a field-assisted STT-MRAM cell

An individual MT]J is modeled here using the classical Landau-Lifshitz-Gilbert
macrospin model with thermal agitation based on a Langvin random field using
the M? simulator [226]. The MT] free layer parameters are selected to ensure that
the thermal stability factor (A) provides ten year retention of the device state (A =
40). The MT] parameters for the resistance and TMR (from ITRS 2011 [51]]) are listed
in Table[8.1} The critical switching current of the MT]J is dependent on the geometric
and material properties of the free layer, permitting the current to be determined

from the free layer geometry. The resultant critical current is in agreement with the
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switching current targeted by the ITRS [51].

Table 5.1: MTJ parameters

Saturation Magnetization (M) |8 x 10°4/m
Long axis 70 nm
Short axis 20 nm
Thickness 2.9 nm
Ron 5k
TMR 150%
Terit 39.4 uA

The predictive technology model (PTM) is used to characterize the cell access
transistor [227]]. A low threshold transistor is used for the selection device and is
modeled with a 20% reduction in threshold voltage. The wordline is bootstrapped
to Vpp + Vin. The cell transistor width is set to provide a switching current 1.5 times
greater than the critical switching current. This width is selected to ensure that the
device operates in precessional mode [91], while allowing the access transistor to

be small.

Table 5.2: STT-MRAM cell parameters

STT-MRAM Cell Type Isometric | Minimum | Field-Assisted
Technology 22 nm

Supply (Vbp) 0.8V

Nominal switching current 59.1 uA

STT switching current 75 pA 59.1 uA 66.2 A
Field line spacing N/A N/A 21 nm
Cell length 119nm | 119 nm 161 nm
Cell width 228 nm | 175nm 167 nm

Durlam et al. present a classical MRAM cell and memory. Measurements of
the field observed by the free layer are demonstrated at a distance of 0.3 ym for a

0.6 pm process. Simple linear scaling of this dimension is not sufficient as the MT]J
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dimensions are proportionally larger than a classical MRAM. To compensate, the
MTJ dimensions are scaled linearly and the thickness of the MT]J stack is assumed
to occupy an additional 10 nm. This thickness is typical of many demonstrated
STT-MT] stacks [228,229].

The cell layout is based on 45 nm FreePDK design rules and scaled to 22 nm, as
shown in Fig A spectrum of cell sizes is evaluated for performance. The base
cell area is 55.5F2. In prior work, the area of a conventional 1T-1MT]J cell is shown to
be 49.9F? with the same logic process rules, indicating that the area overhead of the
metal line supporting the additional field current is small [230,231]. This cell has a
relatively large cell density as compared to commodity STT-MRAM (6™ [51]) be-
cause the layout design rules originate from a logic process. A standalone memory
process with tighter design rules would provide greater density.

Three distinct physical configurations of a 1T-IMT] memory cell are compared
and listed in Table The field-assisted STT-MRAM cell (Field-Assisted) is com-
pared with a minimum-sized 1T-1MT]J cell capable of supplying the same nominal
switching current (Minimum). The additional metal line devoted to the field cur-
rent impedes contact sharing and consumes additional area as compared to the
nominal cell. The third memory cell (Isometric) has the same total area as the field-
assisted cell. Due to extra area consumed by the bit lines above the silicon substrate,
the field-assisted cell can use a slightly larger transistor than the nominal cell with-

out affecting cell density, resulting in a slightly larger STT switching current.
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Figure 5.5: Layout of the proposed field-assisted STT-MRAM cell.

The magnetic field through a current loop can be estimated by the Bio-Savart’s

law [232],

tol fierd
B="—— 5.1
2md (5-1)

The current through the MT]J induces a spin torque on the free layer, generating a
magnetic field that adds linearly to the magnetic field generated by the field cur-
rent. The magnetic field produced by the STT is assumed to be negligible for two
reasons. The STT current is almost two orders of magnitude smaller than the field
current, making the field generated by the STT current relatively small. Secondly,

the field current is applied to the MT] before the STT current is applied, ensuring
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Figure 5.6: Switching latency of a field-assisted classical MRAM cell. The STT
switching current is 59.1 pA

that the free layer magnetization is in an unstable state prior to application of the
STT current. As a result, the magnetic field of the STT current does not affect the

destabilization process.
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5.5 Model of an STT MRAM Array

Optimizing the energy consumed by an MRAM array with a field assisted write
produces a tradeoff between the size of the array and the current bias when min-
imizing the switching time of an MT]. The parasitic impedances of the array, ex-

tracted from the cell layout, are listed in Table [5.3][227].

Table 5.3: Memory array parameters

Rﬂcell (Q) 0.7
Cﬂcell (aF) 28.8

The array is biased using a field current that traverses the entire row. As the
size of the row increases, the energy associated with the field current is amortized
across the entire row. The energy associated with the field current is the sum of
the dynamic energy to charge the line as well as the static current to generate the
magnetic field. Expression quantifies this dependance, where R .;; and Cicenr
describe, respectively, the per cell parasitic resistance and capacitance, NV describes
the number of cells in a row, R,...ss is the resistance of the access transistor, Vpp
represents the supply voltage, tsuitcning is the MT] switching latency, and ;4 is
the generated field current of the line. The dynamic component of the energy is
therefore a function of the array width and DC voltage on the bit line during a

write.

NRicen

Eticia = RpicenClricenN
T fice Tice NRflcell + Raccess

Voo + VoI fieid(tswitching) (5.2)
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The energy of the static current is a function of the field current, supply voltage,
and switching time of the MT]. The static component is independent of array size
as the supply voltage is constant and the voltage drop is across the peripheral write
drivers and the array. The array field current is also constrained by the resistance

of the field line,

IticaRpiceulN < Vpp. (5.3)

The energy to switch a single MT] (Egyitcn) is

Eswitch - ISTTVDDtswitchinga (54)

where Iy is the spin torque switching current. E, ;. is therefore only dependent
on the switching time of the MT]. The total energy per bit is
Eficiq

Eiotal = Eswiten + N (55)

The switching energy is shown in Figure For comparison, the minimum en-
ergy to switch an MT]J, as described by for a non-field-assisted STT-MRAM cell,
is 0.3 p]J per bit. The minimum switching energy of the field-assisted cell is 0.054
pJ per bit with a corresponding switching latency of 618 ps. Due to the bit line re-

sistance, larger rows support a maximum field current at a specific supply voltage.
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Figure 5.7: Switching energy of a field-assisted classical MRAM cell.

A sufficiently high field cannot be generated to reduce the switching latency of the
MT]J, ensuring that the energy consumption is higher than with a shorter row. An
optimum row length therefore exists that minimizes the overall switching energy
of an array during a write. For the configuration shown in Figure 5.7, the optimum
row length is 128 cells.

As illustrated by the figure, increasing the number of cells in a row produces a

linear increase in energy consumed per bit. However, as the row length increases,
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the maximum current becomes bounded. For latency critical as well as energy crit-
ical circuits, the field currents should be maximized for a given row length, and a

larger current should be used rather than a longer row, except for small row lengths.

5.5.1 Effects of stochastic switching

As previously described, STT switching is a stochastic operation [221]. While
deterministic information is sufficient to determine a suitable design point, practi-

cal design methods require that the stochastic nature of the switching process be

considered.
Table 5.4: Energy and latency of STT-MRAM cells
Cell Type Latency (ns) |o (ns) |90% (ns) | Energy (f7//bit)
Field-Assisted 0.47 0.481 | 0.996 93.4
Field-Assisted (A = 30) 0.18 0.18 0.38 354
Minimum 4.96 1.62 6.65 316.9
Isometric 3.06 0.94 4.10 246.0

The energy and latency for each of the physical memory cells are listed in Table
Each cell type is evaluated at a row length of 128 with a 6.5 mA field cur-
rent applied to the device. The field-assisted cell exhibits a significant reduction
in energy and latency as compared to the nominal and isometric STT cells. As the
field is applied, the switching latency decreases; the standard deviation, however,
talls disproportionately. A nominal STT cell exhibits a switching latency of 4.96
ns with a 30% standard deviation. The field-assisted cell exhibits a 0.47 ns latency

with 102% standard deviation. Intuitively, as the field is applied, the effect of the
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damping torque is diminished and thus the system is more susceptible to thermal
fluctuations during switching. This effect causes greater variability in the switch-
ing latency:.

For comparative purposes, a field-assisted cell with reduced non-volatility is
also presented. Unlike the baseline cell, this cell assumes a reduced thermal barrier
for the MT] which lowers the retention time of the MT] to one day. This combination
produces the shortest latency and lowest energy configuration. The combination
of a reduced thermal barrier also exhibits no additional variability as compared to
the baseline field-assisted cell. In subsequent analysis, however, the baseline cell is

designed to ensure that a typical industrial ten year retention time is maintained.

5.6 Cache Evaluation

Although STI-MRAM has been projected to replace SRAM caches in next gen-
eration memory applications, the relatively long write latency and high write en-
ergy confine the use of STT-MRAM to last level caches. Field-assisted STT-MRAM,
however, which significantly improves both the write latency and energy, serves
as a viable universal cache candidate. The development of L1 and L2 caches with
a field-assisted STT-MRAM is evaluated in this section. SRAM caches and caches
using conventional STT-MRAM (without the field-assisted switching mechanism)

are treated as a baseline for comparative purposes.
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Naive replacement of SRAM arrays and sensing circuitry with STT-MRAM ar-
rays would degrade performance in write critical caches due to the long switch-
ing latency, making the comparison unfair. The baseline STT-MRAM (Nominal
and Isometric) caches therefore incorporate two state-of-the-art architectural tech-
niques to improve system performance while tolerating write latency. The caches
are typically divided into multiple subbanks to increase the parallel throughput
of data acccesses and to amortize the cost of the peripheral logic circuitry. Sub-
bank buffering [233] adds an SRAM write buffer in front of each cache subbank
(Figure 5.8a), which locally buffers on-going writes. When data is stored within
a subbank buffer, the H-Tree data bus, which is shared across all of the subarrays,
is available to serve the next cache access while the long latency STT-MRAM write
is local within the sub-bank. Decoupling the access circuitry and interface bus from
the long latency write significantly improves the cache throughput. Additionally,
differential writes [234] is a technique commonly used to reduce the write energy.
Before a write, the stored data are read and compared to the to-be-written data.
Only STT-MRAM cells with different binary states actually switch.

Field-assisted STT-MRAM caches (Figure also employ subbank buffering,
but do not incorporate differential writes since all of the STT-MRAM cells in a row
are affected by the field. To guarantee a successful STI-MRAM switching process,
a checker read is issued after every write. Upon a write failure, a retry write is

issued.
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Figure 5.8: Array organization for a) baseline STI-MRAM, and b) field-assisted STT-
MRAM.

5.6.1 Simulation Setup

The cycle accurate SESC simulator [235] has been modified to model a mul-
tithread (CMT) processor with eight cores and four threads per core operating
at 4 GHz. The configuration for the baseline caches and memory subsystem is
listed in Table The L1 and L2 caches use STT-MRAM with different cell types.
CACTI [236] and NVSim [237] are used to estimate the cache energy and access la-
tencies. The cache capacities are maintained the same for both the STT-MRAM and
SRAM caches. The estimated cache latencies for these configurations are summa-
rized in Table For the baseline STT-MRAM cache configuration, the isometric
cells are used for the L1 caches to minimize the MT] switching latency, and mini-
mum sized STT-MRAM cells are used for L2 to decrease the cache area and read
latency. The field-assisted STT-MRAM cache configuration uses the field assisted
cells for all of the caches within the hierarchy.

A wide range of parallel workloads have been simulated for each configuration.
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Table 5.5: Cache and memory parameters

L1 Caches
iL1/dL1 size 32kB / 32kB
iL1/dL1 block size 64B / 64B
iL1/dL1 round-trip latency | 2 / 2 cycles (uncontended)
iL1/dL1 ports 1/1
iL1/dL1 banks 1/1
iL1/dL1 MSHR entries 8/8
iL1/dL1 associativity 2-way / 2-way
Coherence protocol MESI
Consistency model Release consistency
Shared L2 Cache and Main Memory
Shared L2 cache 4MB, 64B block, 8-way
L2 MSHR entries 64
L2 round-trip latency 20 cycles (uncontended)
Write buffer 64 entries
DRAM subsystem DDR3-1600 SDRAM
Memory controllers 4

Table 5.6: STT-MRAM cache parameters (cycle: 250 ps)

Baseline STT | Field-Assisted STT
iL1/dL1 latency 1 cycle 1 cycle
L1s write occupancy 17 cycles 4 cycles
L2 latency 6 cycles 7 cycles
L2 write occupancy 28 cycles 4 cycles

The benchmark suite includes nine software applications, among which three pro-
grams are from SPEC OMP2001 [238] and six programs are from SPLASH2 [239].

All workloads are executed in 32 threads on an eight core processor.

5.6.2 System Performance and Energy

The system performance and cache energy are shown in Figures 5.9/ and
All of the comparisons are normalized to the performance of the SRAM caches with
the same capacity.

The field-assisted STT-MRAM caches exhibit a slight performance increase as
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Figure 5.9: System performance of STT-MRAM caches normalized to baseline
SRAM caches for each cell type.

compared to the SRAM caches (see Figure because the STT-MRAM caches oc-
cupy smaller area while maintaining the same capacity, hence benefiting from a
shorter wire delay. The baseline STT-MRAM caches exhibit an overall decrease in
performance as compared to the baseline SRAM caches due to the long write la-
tency. Despite subbank buffering, the reads can be blocked by writes when there
are subbank conflicts.

For these applications, STT-MRAM based caches require less energy (see Fig-
ure 5.10). The field-assisted STT-MRAM caches consume slightly higher energy
as compared to the baseline STT-MRAM caches due to two reasons: (1) the field
current consumes additional energy, and (2) differential writes are applied to the
baseline STT-MRAM but not to the field-assisted STI-MRAM. In the application LU,

however, the field assisted STT-MRAM caches consume less energy. This behavior
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occurs because LU uses a greater number of bit flips during the write operations.
As aresult, differential writes have less of an effect on the write energy as compared
to other applications using isometric or nominal STT-MRAM cells.

The power dissipated by the benchmarks circuits is depicted in Figure for
STT-MRAM and SRAM caches. For all of the STT-MRAM caches, the leakage power
is less than SRAM. The power dissipated by the read operations is also reduced due
to the smaller array area and shorter wires. For the baseline STT-MRAM caches, the
power required by the write operations is comparable to the power required by the
SRAM writes because the MTJs consume greater switching power but the access
time is smaller than the SRAM caches. The field-assisted STT-MRAM caches re-

quire higher write power due to the additional field currents applied to each write.
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Figure 5.11: Power dissipation of STT-MRAM and SRAM caches.

The field-assisted STT-MRAM caches, however, provide faster write and shorter ex-
ecution time; hence, the effect of the field currents on the total energy is amortized
across the row.

The baseline STT-MRAM caches exhibit a greater than 20% performance penalty
to realize an energy savings of approximately 60%. The field-assisted STT-MRAM
caches provide a 5% increase in performance with an energy savings of 55% as

compared to SRAM, reducing energy while maintaining performance.
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5.7 Conclusions

The field-assisted approach utilized in MRAM cells reduces the switching la-
tency of an STT-MTJ. The mechanism of STT switching is reviewed and a field-
assisted STT-MRAM is presented. An array model of the switching latency and
energy consumption for different field currents and array sizes is also described.
It is shown that the per bit switching latency is reduced by a factor of four. If the
nonvolatility constraints are relaxed, the overall switching latency is reduced by a
factor greater than ten.

Several field-assisted STT-MRAM cells are compared to minimum sized and iso-
metric area based STT-MRAM cells. Each of these cells is evaluated for a variety of
applications and compared to standard L1 and L2 SRAM caches. The field-assisted
STT-MRAM cache demonstrates a 25% performance improvement as compared to
anon-field assisted cache STT-MRAM cache and a 5% improvement as compared to
an SRAM cache while reducing overall energy consumption by an average of 55%
as compared to an SRAM cache. The reduction in both switching energy and la-
tency support embedded high performance STT-MRAM based cache subsystems,
enabling the use of STT-MRAM in upper level caches within high performance mi-

Croprocessors.
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Chapter 6

2T - 1R STT-MRAM Memory Cells
for Enhanced On/Off Current Ratio

STT-MRAM is limited by a small on/off resistance ratio. This limitation requires
sophisticated read circuitry which leads to greater sensitivity to noise. To address
these limitations, two memory cells are proposed that significantly improve the
output read ratio. These memory cell variants utilize additional CMOS transistors
within the cell to enhance the observed on/off resistance ratio of the MT] device
leading to a shorter read delay. Additional transistors are added in either a gate con-
nected or diode connected manner to the adjacent metal lines that interface with
the sense circuitry. Each cell exhibits an order of magnitude increase in the current
ratio as compared to a traditional 1T - 1R structure while requiring more area and
delivering comparable energy efficiency under high bias. This improvement in cur-
rent ratio yields a 29% and 81% reduction in memory sensing delay as compared,
respectively, to the standard 1T - 1R STT-MRAM memory cell and a 8T-SRAM.

Each cell type is introduced in Section Methods for modeling STT-MRAM
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arrays along with an evaluation of the sense margin and sense ratio for each cell

are presented in Section[6.2l Some conclusions are offered in Section[9.5|

6.1 STT-MT] Memory Cells

Three basic cell types are described for use in STT-MTJ] memories shown in Fig.
The standard 1T - 1R memory cell is described in Section followed by
the proposed 2T - 1R cell variants in Section and a discussion of the effects of

technology on the memory array write current in Section[6.1.3|

=1 | — L
A L Sense A ) ISense
B Vs
WL WL
BL BL

(@) (b) (©

Figure 6.1: Circuit diagram of STT-MT] memory cells: |(a) standard 1T - 1IMT],
2T - IMT] diode cell, and [(c)] 2T - IMT] gate cell.

6.1.1 1T -1R cell

The 1T - 1R cell, the basic building block of resistive memory arrays (see Fig.
6.1a)), must satisfy several design constraints to operate correctly. At full bias, the
internal cell transistor and access circuitry must supply sufficiently high current to

ensure that the MTJ switches (/.); however, currents in excess of this amount are
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typically required for high speed switching. For reads, a cell current must remain
sufficiently below the critical current to mitigate the potential for erroneous writes
to the device. Moreover, each transistor isolates a selected memory cell from any
peripheral cells to maintain the required sense margin. For this purpose, the read
operation biases the access transistor within the linear region; a reverse bias would
needlessly reduce the sense margin.

A 1T - 1R cell is the simplest memory cell topology for typical STT-MRAM tech-
nologies. The sense margin of the device is observed as a voltage or current pro-

portional to the TMR of the device.

6.1.2 2T -1R cells

Alternate memory cell topologies utilizing an additional transistor can produce
voltage and current amplification without sacrificing immunity to leakage current

within the MRAM array.

6.1.2.1 Diode connected transistor read port

A diode connected transistor incorporated into a memory cell, as shown in Fig.
amplifies the voltage of the internal node of the memory cell (node B) to pro-
duce a current and voltage signal at the transistor output. The maximum amplifi-
cation occurs when node B is biased to ensure that the R,,, and R, states produce

a voltage, respectively, above and below the threshold of the transistor.
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6.1.2.2 Gate connected transistor read port

A gate connected memory cell, as shown in Fig. achieves the same ampli-
fication as the diode connected transistor and operates at a similar maximum volt-
age. This topology, however, differs in several key aspects. First, the gate connected
transistor is electrically isolated from node B, facilitating the addition of multiple
gate connected read ports. Secondly, the source of the transistor is connected to
ground, eliminating any source body voltage bias, improving the conductance of
the transistor. Thirdly, the output current margin is a function of transistor width

which can be increased to improve the sense margin.

6.1.3 Effect of technology on write current

Given that the writes in both the standard 1T - 1R cell and the 2T - 1R memory
cells occur in the same manner, a reduction in the threshold voltage can increase
the available write current for a given CMOS technology. The source current as
a function of transistor device width and threshold voltage is shown in Fig.
As expected, the write current increases with decreasing threshold voltage. In the
reverse write current case, the cell transistor exhibits a threshold drop due to the
inability of an NMOS transistor to pass a full voltage swing. Threshold voltage
reduction shortens the minimum width of the NMOS transistor needed to provide

sufficient current to write to the MT]J. This voltage drop is the primary limitation
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Figure 6.2: Write current for 1T - 1R cell versus gate length of access transistor and
threshold reduction in the CMOS transistor. Forward write current, and
reverse write current.

to sourcing a sufficiently high write current in standard CMOS technologies. As
shown in Fig. a 60% reduction in the threshold current allows a minimum sized
device to supply the required 35 ;1A. Under forward bias, the maximum current is
only limited by the total resistance of the write lines and memory cell. A reduction
in the threshold voltage has a smaller effect on the on-resistance of the cell transistor
within the linear region as compared to the saturation region. A reduced threshold

voltage under forward bias therefore exhibits a smaller increase in the transistor
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write current than in the reverse bias case. The current saturates to approximately
twice /. despite an increased transistor size and reduced threshold voltage. This
result shows that as the threshold voltage is reduced, the array size and not the cell
transistor becomes the primary constraint to supplying sufficient write current to

the device.

6.2 Memory array model of STT-MRAM

The following section evaluates each of the cell types with respect to current
margin and current ratio. The simulation setup is described in Section The
circuit models used to evaluate the current margin and current ratio for each of the

memory cells are discussed in Section[6.2.2]

6.2.1 Simulation setup

Each memory cell type is evaluated for size and bias conditions to enhance the
sense margin. The evaluation is based on the device parameters listed in Table

[51]. The MT]J is modeled by (6.3), where the MTJ half bias voltage (V},) is inferred

Table 6.1: MTJ parameters

MTJRonN 5 kQ
MTJRopr | 12.5 kQQ
TMR 150%
I, 35 uA
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from the Slonczewski expression for TMR [80]. This expression describes the 50%
bias point at the switching current of an MT]J. SPICE simulations of the MOS tran-
sistors are based on the predictive technology model (PTM) at the 22 nm node [227].
The initial circuit characteristics are determined from the procedure described in
Appendix

The layout of each of the three STT-MRAM cells is depicted in Fig. and
are based on the FreePDK45 design kit [211]. The cell density for the 1T - 1R, 2T
- 1R diode connected, and 2T - 1R gate connected is, respectively, 46.6 F2, 75.6 F?,
and 101.5 F?. Note that the size of the memory cells is much larger than a state-
of-the-art STT-MRAM, which typically exhibits a 6 F* cell area. These smaller area
circuits, however, are typically created in a standalone memory process flow where
layout regularity and technological focus facilitates the use of more aggressive de-
sign rules.

For the physical layout shown in Fig. the width of each transistor is 2.2
F. Any transistor width smaller than this dimension does not decrease the area of
either 2T - 1R memory cell. This limit is due to minimum sizing rules for contact
and transistor spacing; in a practical setting for memories, rules could be tighter to
improve density. Design rules specific to memories, however, were not available so

design rules tailored for logic circuits are used for these layouts.
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Figure 6.3: Physical layout of STT-MT] memory cells: |(a)|standard 1T - 1MT],2T
- IMT]J diode cell, and |(c)| 2T - IMT]J gate cell. The physical layout is based on the
FreePDK45 where F represents the feature size of the technology [211].

6.2.2 Modeling approach

An STT-MRAM array can be modeled as a voltage divider. The subsequent
discussion describes this model and the response of the sense margin and current
ratio to the array voltage bias, array size, threshold voltage, and device width of
the NMOS transistors within the data array. The current margin is the difference
between the off current and the on current for an MT] cell under bias. The current

ratio is the on current divided by the off current for a cell under bias.

6.2.2.1 1T - 1R data array

The circuit model is shown in Fig. where Ry, is the resistance of the PMOS
transistor, ;. is the resistance of the NMOS cell access transistor, Ry, is the resis-
tance of the bitline, R, is the column access transistor, and R,,;; is the resistance of
the STT-MT]J. The sense node A is the observable voltage on the network.

The voltage bias (Vz4s) applied to the data array directly controls the magnitude
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(b)

Figure 6.4: Circuit diagram of STT-MRAM array, |(a)| memory cell sensing model,
and [(b)| data array model.

of the signal detected by the sense circuitry. In the case of the 1T - 1R memory cell,

however, there is a diminishing return with a larger bias as the current ratio drops
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Figure 6.5: Design space of 1T - 1R memory cell at nominal threshold, current

margin, and @ current ratio.

This degradation, shown in Fig[6.5, depicts a contour map of the current margin

and current ratio for varying NMOS transistor sizes within the array and voltage

biases. The standard 1T - 1R cell exhibits a peak current ratio of approximately

two for a 0.1 volt bias. This ratio is 0.6 less than the expected 2.5 predicted by

an ideal MT] device due to the nonlinear voltage drop across the access transistors

and the reduction in device TMR with larger voltage bias. Additionally, the voltage
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dependence of the TMR ensures that increasing the voltage bias of the array further
reduces the currentratio. At full Vpp, the peak currentratio drops to approximately
1.4.

These peak current ratios occur with large access transistor sizes. For smaller
NMOS transistor sizes, more practical in high density memories, a reduced cur-
rent ratio as compared to the peak ratio is noted. At low bias (0.1 to 0.4 volts), the
current margin remains relatively constant for increasing NMOS device size. This
behavior indicates that low voltage, large transistors are preferable to increase the
bias voltage when improving the sense margin of a 1T - 1R array.

The effect of a reduced array threshold voltage for a 1T - 1R cell is shown in Fig.
for a high voltage bias (0.6 volts) and low voltage bias (0.2 volts) array. Note
that the reduction in threshold voltage has a limited effect on the current margin at
low bias voltages. The sense margin is approximately invariant with the threshold
voltage of the transistors in the data array. In contrast, the current ratio increases
by approximately 0.2 over a nominal threshold voltage due to an 80% reduction in
threshold voltage. A reduction in the transistor threshold voltage in low voltage,
small transistor 1T - 1R memory cells are therefore desirable.

A reduction in the threshold voltage, however, also degrades the isolation of the
data array. The decreased current margin and switching ratio for increasing array
size are shown in Fig. At increasing array size, the current margin and current

ratio decrease as the threshold voltage is reduced. This effect occurs despite that



149

3% 10°
— Nominal VBias = 0.2
-~ ~20% reduction VBias = 0.2
25 ~ = 40% reduction VBias = 0.2
—S—60% reduction VBias = 0.2
—_ ——80% reduction VBias = 0.2
< 2 -
£
2
€15
€
g
3 1
0.5 K
0
0 2 4 6 8 10
Width of cell transistor normalized to gate length
(a)
1.9 T T
— Nominal VBias = 0.2
1.8 | = ~20% reduction VBias = 0.2
2271 =~ 40% reduction VBias = 0.2
7 —=—60% reduction VBias = 0.2
—— 80% reduction VBias = 0.2
° 16 — Nominal v=0.6
= -~ ~20% reduction VBias = 0.6
€15 X . .
= =221 -~ 40% reduction VBias = 0.6
® 14 | —=—60% reduction VBias = 0.6
g ’ -] ——80% reduction = 0.6
13
12
11
1 . .
0 6 8 10
Width of cell transistor normalized to gate length

(b)

Figure 6.6: Effect of reduced threshold voltage of 1T - 1R memory cell for increasing
size of data array transistors. [(a)| current margin, and [(b)] current ratio.

reduced threshold voltages will improve the current ratio and current margin for
a single 1T - 1R cell due to the smaller threshold voltages affecting the transistor
off-current more than the on-current. The reduced transistor off current results
in additional active leakage through the unselected cells, causing both the current
ratio and current margin to degrade as a function of array size. As the array size
approaches 1,024 rows, the current ratio drops to unity, indicating that the change

in resistance of the MT] is negligible.
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Figure 6.7: Effect of increased data array size on 1T - 1R memory cell at multiple
threshold voltages. [(a)] current margin, and [(b)| current ratio.

6.2.2.2 2T -1R diode connected memory cell

Unlike the 1T - 1R cell, where only the signal on the MTJ is sensed, this cell
amplifies the internal voltage of the cell. Each of the 2T - 1R cell topologies utilizes
an external port to read the cell state. Both cells are connected to the MT] at node B
(see Fig. [6.1b). The increasing voltage difference observed at node B increases the

sense margin observed at the output.
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Figure 6.8: Design space for 2T - 1R diode connected cell at nominal threshold,
current margin, and @ current ratio.

6.2.2.3 Current ratio

The current ratio of the diode connected memory cell is shown in Fig.
for a nominal threshold voltage. The array voltage bias has a strong effect on the
current ratio. Increasing both the voltage bias and the width of the NMOS transis-
tors within the array increases the current ratio to 151. However, operating at this
point is close to writing to the MT] and provides a small current margin. With a

minimum current margin of at least 1 yA, the maximum achievable current ratio
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is 127, 1.4 pA/11 nA. Note that a relatively high resistance for the read circuitry is
assumed as compared to the write driver circuitry to mitigate inadvertent writes
within the data array.

The size of the data array transistor has little effect on the output current ra-
tio or current margin. Only at high bias (above 0.4 volts) does the current margin
increase with transistor size. The diode connected cell is therefore more tolerant
to transistor variations than the 1T - 1R cell. Additionally, the density advantage
can be exploited while producing a higher current ratio. At a relatively small size
(2F), the diode connected cell achieves a peak current ratio of 50.3. This advantage,
however, is achieved at a low current margin of 0.35 p/A. In this case, I, falls at
a faster rate than /,,,; however, the magnitude of both currents decrease, causing a

reduction in current margin with an increase in the current ratio.

6.2.2.4 Current margin

The current margin, however, can be further improved by reducing the thresh-
old voltage of the data array transistors, as shown in Fig. A 20% reduction
in the threshold voltage doubles the current margin for a minimum sized device.
At larger device widths, the current margin is greater than 1 yA while suffering
minimal loss in current ratio. A 40% reduction is sufficient to allow a 2F transistor

to supply a 1 A current margin while maintaining a current ratio of 8.
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Figure 6.9: Effect of reduced threshold voltage on 2T - 1R diode connected cell for
increasing size of data array transistors. [(a)| current margin, and [(b)] current ratio.

6.2.2.5 Array size

Similar to the 1T - IR memory cell, there is a penalty associated with reducing
the threshold voltage. For a 60% reduction in threshold voltage, an array column
height of 1,024 bits produces a drop in current ratio from 6.7x to 3.3x, as shown in
Fig. Unlike the 1T - 1R memory cell, the current margin is relatively inde-

pendent of the size of the array and increases by 0.5 pA with a 60% reduction in
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threshold voltage. Moreover, for both 20% and 40% reductions in threshold volt-
ages, both the current ratio and current margin remain relatively constant (below
0.2% variation) with increasing array size. The reduced threshold voltage does not

affect the voltage signal, as in the case of the 1T - 1R cell.

6.2.2.6 Tradeoff between current margin and current ratio

Note the tradeoff between the current ratio and current margin. The diode con-
nected cell alternates between cutoff and saturation. Increasing the internal volt-
age (node B, shown in Fig[6.4a) increases the gate bias for the on state MTJ and the
current through the diode connected transistor. The higher voltage, however, also
increases the voltage at node B in the MT]J off state. Since the current in cutoff is
an exponential function of the transistor bias, and only quadratic in saturation, the

current ratio drops.

6.2.2.7 2T - 1R gate connected memory cell

As previously mentioned, the external port of the 2T - 1R cells separates the
read operation from the write operation. Similar to the diode connected cell, the
circuit depends on the internal cell voltage at node B. Correct operation of the 2T -
1R gate connected cell requires the transistor gate voltage to be sufficiently large to
switch the transistor between the two MT] resistive states.

The current ratio and current margin for a gate connected memory cell is shown
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Figure 6.10: Effect of array size on 2T - 1R diode connected cell for reduced thresh-
old voltage of data array transistors. [(a)] current margin, and [(b)| current ratio.

in Fig. for varying access transistor sizes and array biases. Unlike the 1T - 1R
case, increasing the array bias has a strong effect on the current ratio. For full bias,
the gate connected transistor achieves a current ratio of 2.2. Counterintuitively,
increasing the cell transistor size reduces the current ratio. This behavior is due
to the dependence of the internal voltage of the cell (node B) on the voltage drop
across the transistor. A linear reduction in transistor size leads to a reduced voltage

drop and voltage change at node B (see Fig|6.4a)).
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Figure 6.11: Design space of 2T - 1R gate connected cell for nominal threshold 2T -
IR gate connected cell. [(a)] current margin, and [(b)| current ratio.

The effect of a reduced threshold voltage is depicted in Fig. A reduction in
the threshold voltage enhances the current margin. For example, a 40% reduction
in the threshold current is sufficient to increase the current margin above 1 A. This
reduction lowers the current ratio from a peak of 1.7 to 1.4 at 2F transistor sizing.

Similar to the 2T - 1R diode cell, the gate connected cell is independent of the
array size as a function of technology, as depicted in Fig. This characteristic

occurs since the gate connected transistor is always grounded at the source terminal
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Figure 6.12: Effect of reduced threshold voltages on 2T - 1R gate connected cell for
increasing data array transistor width, [(a)] current margin, and [(b)| current ratio.

and electrically isolated from the MT]J.

6.2.3 Comparison of current margin and ratio across memory cells

Both the gate connected cell and the diode connected cell improves the current

ratio (or margin) observed at the sense circuity by providing additional read ports.

The diode connected cell produces the largest increase in current ratio. The current

margin of the diode connected cell is limited by the large on-resistance of the diode
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Figure 6.13: Effect of array size on 2T - 1R gate connected cell for reduced threshold
voltages, @ current margin, and [(b)| current ratio.

connected transistor. This issue can be addressed, however, by reducing the thresh-
old voltage of the devices within the data array. This reduction in threshold voltage
provides additional current at high bias conditions, either decreasing the switching
times or improving density through smaller access transistors. Moreover, this re-
duction does not degrade the current ratio or current margin with increasing array
size as with the 1T - 1R memory cell. Intuitively, the target current can be linearly

increased by widening the gate connected transistor while maintaining the same
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Table 6.2: Single bit access delay (ns)

Number SRAM SRAM SRAM SRAM 1T-IR 2T-1IR 2T-1IR
of Bits 8T HD RP 8T HD WRP 8T Logic RP 8T Logic WRP Gate Diode
2,048 14.879 14.708 25.793 26.927 3.106 4.200 3.762
1,024 4.471 3.716 7.189 6.754 0.718 1.242 0.969
512 1.537 0.960 2219 1.721 0.265 0.377 0.295
256 0.626 0.273 0.800 0.466 0.127 0.139 0.111
128 0.306 0.094 0.352 0.145 0.078 0.067 0.057

Table 6.3: Single bit access energy (fJ)

Number SRAM SRAM SRAM SRAM 1T-1R 2T-1R 2T-1R
of Bits 8T HD RP 8T HD WRP 8T Logic RP 8T Logic WRP Gate Diode
2,048 31.182 28.529 31.197 28.561 5.382 50.285 98.113
1,024 19.144 18.243 19.175 18.274 1.081 26.014 39.430
512 12.093 12.014 12.124 12.045 0.568 12.559 17.441
256 6.047 6.235 6.078 6.266 0.370 6.250 7.891
128 2.736 2973 2.767 3.004 0.284 3.170 3.620

width of the access transistor.

6.2.4 Comparison of SRAM and STT-MRAM memory cells

A comparison of 8T SRAM with STT-MRAM memory cells in terms of read de-
lay, read energy, and physical area are listed, respectively, in Tables and
The SRAM read ports (RP) and write-read ports (WRP) are evaluated for both
memory specific high density (HD) and logic process (Logic) design rules [240].
Note that the 8T SRAM is selected as the benchmark due to the use of 8T SRAM

for high performance caches in sub-45 nm technologies [241]]. The wordline energy

Table 6.4: Area comparison

SRAMSTHD | SRAM ST Logic | 1T-IR | 2T-1R Diode | 2T-1R Gate
Cell Height (F) 8 8 7 7 7

Cell Width (F) 316 54 6.65 0.8 45
Density (F2) 252 363.2 46.55 75.6 1015
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associated with a 8T SRAM cell is negligible as compared to the bitline power. Each
memory cell and the associated parasitic impedances are scaled to the 22 nm tech-
nology node in the same manner as described in Section[6.2.1, The 8T SRAM read
port (RP) is sensed using a standard single-ended inverter sense amplifier [242].
The SRAM write-read port is sensed using a standard dynamic latch sense ampli-
tier [243]. Each of the STT-MRAM cells is sensed using a clamped bitline sense
amplifier [171]. The array sizes are typical of an on-chip cache array.

Delay metrics for square array sizes ranging from 128 to 2,048 bits are listed in
Table STT-MRAM arrays exhibit significantly less delay than the SRAM coun-
terparts. At array sizes of 2,048 cells, the delay of SRAM and STT-MRAM is domi-
nated by the wordline delay. The STT-MRAM has an advantage over SRAM since
only one transistor is required to select the cell. Additionally, the reduced length of
the wordline further reduces the delay. The write-read port of the 8T SRAM cell is
sensed differentially and thus compensates this increased delay. This effect is more
clearly observed at the smaller SRAM arrays where the singled-ended read port
delays are a factor of three longer than the write-read port read time. Each of the
STT-MRAM memory cells are also read in a single ended manner. As compared to
the single ended SRAM read port, the delay of each STT-MRAM memory cell type
is smaller by a factor of 3.9, 4.6, and 5.37, respectively, for the 1T-1R, 2T-1R gate
connected, and 2T - 1R diode connected memory cells. Both the gate and diode

connected cells exhibit an area overhead larger then the 1T-1R cell but overcome
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this issue through an improved current ratio which reduces the delay.

The energy consumption of each of the cell types is listed in Table Each of
the cell types exhibits a significant reduction in energy consumption with a smaller
data array. The gate connected and diode connected cells plateau at an energy
compatible to SRAM arrays at smaller sizes. This behavior is due to the additional
bias required to drive the internal node of the cell. The 1T-1R cell does not require
an additional bias, enabling more energy efficient reads than the other memory cell
types. At larger array sizes, the 2T - 1R cell variants require more energy than the
other cell types. The additional area occupied by the logic version of the 8T SRAM
cell has little effect on the per bit energy. The word line energy is spread over the
length of the row during accesses. This effect can also be observed between the
diode and gate connected cells, as the gate connected cell is more energy efficient
than the diode connected cell despite the larger area of the diode connected cell.

Between each of the memory types, the SRAM requires longer delays and greater
energy than the STT-MRAM memory. In general, the 1T - 1R outperforms SRAM
for all array sizes. Both of the 2T - 1R cells require more energy at large array sizes,
indicating that each topology is better suited to small active on-chip caches where
speed is paramount. At these sizes, the 2T-1R topology exhibits the fastest read

operation of any memory cell type at a energy consumption comparable to SRAM.
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6.3 Conclusions

Two topologies are proposed to complement the standard 1T - 1R topology
commonly used in STT-MT] based memories. The diode-connected memory cell
demonstrates greater than an order of magnitude improvement in the output cur-
rent on/off ratio. The diode cell, due to the small area and high output current
ratio, is therefore the most effective at increasing the current ratio as compared
to the other cell topologies. The gate connected cell can, however, be more easily
expanded into a multi-port cache structure due to electrical isolation between the
internal node of the memory cell and the output port. Furthermore, the current
margin of the gate connected cell can be increased irrespective of cell bias by in-
creasing the size of the gate connected transistor. The relative importance of the
current margin as compared to the current ratio determines the applicability of
each cell for a particular data array. A comparison of each of the memory cells to
an 8T SRAM cell shows that these additional cell topologies are advantageous in

small area high speed on-chip caches.

Appendix: Parameter Selection

An STT-MRAM array can be modeled as a simple two resistor circuit. This dis-
cussion describes this two resistor model and presents expressions to maximize the

sense margin. The linear resistor model is applied to produce an initial design for
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the 2T - 1R cells.

A.1 Two resistor model

Figure 6.14: Two resistor model of an STT-MRAM array.

A data array can be modeled as a two resistor model where the sense node (node
S) is used for sensing, as shown in Fig. In this structure, Ry, toggles between
the two resistance states, Ry, and Ry, In a manner analogous to the TMR of

an MT]J, the switching ratio (SR) of R, is defined as

SR = off . (6.1)

The sense margin (AV,) for this structure is the change in the maximum voltage at

node S,

[AVal = Valy,, = Valg,,, - (6.2)

This difference produces the largest swing at node S, which in the aforementioned
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model represents the voltage detected by the sense circuitry. The maximum change

in voltage, i.e., the maximum sense margin [47], occurs under the constraint,

Rtop - \/(Rboton)(RbotOff)‘ (63)

From (6.3), the voltage sense margin can be expressed as

V1 R—-1
‘AVA| = i S ‘/bias' (64)
v+ SR+1

For current sensing, the sense margin A/ is the change in current passing through

the MTJ, where
‘AI‘ = [Rtop Rboton - [Rtop Rb"toff
_ Rboton (SR> ‘/bias
ngoton + 2Rb0ton Rtop + R?op + (Rl?oton + Rboton Rtop)SR'

(6.5)

Intuitively, increasing the voltage through the network increases the voltage
sense margin by increasing the voltage drop across the switching resistor. Reduc-
ing the resistance of R;,, monotonically improves the current sense margin through

the path. A 2T - 1R data cell, however, produces current through an adjacent read
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port. Maximizing the voltage margin at node B in Fig. therefore, produces the
largest current ratio and margin.
2T - 1R data array

The voltage margin of the 2T - 1R cell is increased by substituting the resistances

illustrated in Fig. into Ry,p and Ry,

Rtop = Rtp + Rbl + Rmtja (66)

Ryot = Ry + Rin + R, (6.7)
R, TMR

SR = o : 6.8

Ron + Rtp + Rbl ( )

These expressions maximize the voltage difference at node B, the central node within
the memory cell (rather than the bitline at node A, as in the case of the 1T - 1R data
array). By maximizing the voltage difference at node B, the additional gain pro-
duced at the output of both the diode connected and the gate connected cell read

ports is greatly increased.
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A.2 Design parameter selection

The target MT] write current is specified by the MT] technology along with the
on-resistance of the write drivers determined from the CMOS technology parame-
ters. The expression,

V,
Rtotal = % = Rmtj + Rtp + Rtn + Rma (69)

C

describes the constraint placed by the MT] write current on the cell size. The size
of the transistors is determined from - (6.9). These expressions produce the
greatest change in output current for both types of 2T - 1R cells. For the 2T - 1R
diode connected cell, the output port voltage exceeds the voltage at node B in Fig.
[6.4a]by the threshold voltage of the diode connected transistor. This higher voltage
ensures that the diode switches between the on and off states when the MT]J is,
respectively, off and on. A sweep of the bias voltage can be conducted to determine
the location where the current ratio is maximum. The gate connected cell does not

exhibit this limitation.
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Chapter 7

Arithmetic Encoding for Memristive
Multi-Bit Storage

A memristive digital memory architecture is proposed herein utilizing the unique
analog properties of these devices to compress digital information within a data
array. The proposed circuit leverages a priori knowledge of a bit sequence for stor-
age. Through use of a compression algorithm with supporting circuitry, the circuit
yields the potential to store significantly more bits per cell than a standard multi-bit
approach. This system is realized through a memristor driven sensing scheme and
an adaptive write circuit that assign a resistance value to a memristive device with
fine grain control.

In Section[7.T} background on the proposed compression procedure is described.
In Section[7.2} the circuit architecture is reviewed. A description of the data model-
ing approach for memristive compression is presented in Section A discussion
of the simulation-based experimental results is presented in Section[7.4 The paper

is concluded in Section [Z.5
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7.1 Background

Memristive devices can be described as non-volatile resistor-like devices whose
conductance is modulated by an applied bias. Since memristors retain a written
state when the voltage bias is removed, these devices are useful for low power stor-
age applications. The key feature of this specific type of memristor stems from the
continuous "resistance” characteristic. This specific feature enables an encoding

based approach. A brief review of the applied coding scheme is provided below.

4 po Ad p] [
Al VN |4
A B
¢ Encode/decode A
4 A4 A
Al LAl |4
A B
* Encode/decode B
3 Encode/decode B

i Encode/decode B

Figure 7.1: Encoding process for a two symbol alphabet and sequence S. = ABBA.
The initial interval is divided into sections corresponding to each symbol. The sec-
tion size is governed by the probability of the symbol. Encoding S, requires select-
ing the initial section that corresponds to A, subdividing this section according to
the specified probabilities, selecting the subsection associated with C, and contin-
uing the process until all symbols in S, are encoded
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7.1.1 Overview of arithmetic coding

Arithmetic coding is a long standing method for compressing data [244]. The
procedure relies on assessing the probability of certain values within a data stream
to create an encoding model that favors more frequent values. A string of bits is rep-
resented by a single compressed value. The continuum of potentially compressed
values can be encoded into a memristor due to the inherent continuous resistance
characteristic of the device, improving the storage density of a memristor over stan-
dard multilevel approaches. The encoding process relies on mapping an uncom-
pressed sequence to a fractional value within the interval [0, 1) which is related to
a particular resistance within the resistive range of a memristive device. A proba-
bility model of a sequence informs the coding mechanism which encodes the data
to a target resistance value.

Arithmetic coding uses a finite, non-empty set of elements A, designated as an
alphabet. Each element {ag, a1, ..., a5} in the set, known as a symbol, represents a
possible value within the data sequence being compressed A sequence is a series
S = s, such that {s,,eA, Vs,,eS}; this series represents an uncompressed data stream
of symbols from the alphabet. A model P = {py,...px} associates each a;, in the

k
alphabet with a probability p, where Z pi = L
i=0
For example, consider the arbitrary sequence S, = ABBA for A. = {A, B}, and

the probability model P, = {1, 2}. This probabilistic model is defined according

47 4
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to the frequency of symbols within the sequence. The interval [0, 1) is divided into
subintervals, each corresponding to a symbol in A,. The length of each interval
is equal to the probability associated with the corresponding symbol, as shown in
Figure The first detected symbol is A; the interval [0, }1) represents the first
symbol in the sequence. Any value within the interval is sufficient to encode the
first bit of the sequence. To encode the second symbol, the interval [0, 1) is again
divided according to the probability model (see Figure [7.I). For the next symbol
in the sequence (B), the interval [, 1) is selected which represents the top 1 of the
previous interval. A value within this interval encodes the first two symbols of the

sequence. The process continues until all symbols in the sequence are encoded into

a single value. The final interval for this example sequence is [, 25). Intuitively,

the final interval is unique to the sequence S, as other symbols would lead to differ-

ent intermediate intervals. Selecting the value %é’ is, therefore, sufficient to encode

the entire sequence.

The decoding process begins with the selected value (322) and the starting in-

terval [0, 1). In a manner similar to the encoding process, the interval is partitioned
according to the probability model. The selected value lies in the region of the inter-
val corresponding to the symbol A. From this information, the first symbol in the
sequence is decoded as A. Continuing to the second symbol, the interval [0, 1) is

selected and partitioned. The selected value occurs in the top 2 of the interval [0, 1)

and corresponds to the symbol B, permitting the second symbol to be decoded.
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The process continues until the full sequence is retrieved. Through this process, a
tull data sequence can be reduced to a single fractional value without any loss of
information.

These fractional values and the corresponding intervals are mapped to either a
voltage or current by biasing a memristive device. The precise mapping mechanism

is described in the following sections.

7.2 Memristive multi-bit encoding

The goal of memristive compressive storage is to map a binary sequence to a
fractional value using two symbol arithmetic encoding and store the value within
a memristive data cell. A continuous set of encoded fractional values is mapped to
the continuous resistive characteristic of a memristive device. The design of these
circuits is predicated on two basic memristive building blocks, a resistive divider
with adjustable memristors, and a memristor data cell containing the stored data.
Circuits to both write and read a memristive data cell within the proposed encoding

scheme are described in the following section.

7.2.1 Decoding and read circuitry

The process of reading and decoding a data cell proceeds in a manner consis-

tent with the compression process, as illustrated by the circuit shown in Figure
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Viottom and Vj,, begin with, respectively, the initial interval of V,,,;,, and V,,4.; these
voltages correspond to the arithmetic coding interval [0, 1). Electrically, these lev-
els are the maximum and minimum voltage biases that correspond, respectively, to
the memristor states, R,¢; and R,,. The memristor values correspond to a prob-
ability model P = {py, 1 — po} for a two symbol alphabet A = {0, 1}, where each
memristor assumes the resistance value p; R, for the two encoded symbols. When
a read occurs, the voltage bias applied to the memristive data cell is set below the
memristor threshold voltage. The current generated by this circuit is mirrored to a
comparator. Within the first interval, a voltage divider generates the initial compar-
ison voltage V..., where n represents the symbol being decoded (see Figure[7.2). The
result of the comparison operation is stored in a shift register. Following this oper-
ation, if the result is logic 1, Visiiom is set to V,.,,, otherwise V;,, is set to V,,,. Setting
Viep and Viotiom in this manner is the same procedure through which an arithmetic
coding interval is selected for a given sequence. The voltage divider, with resis-
tances set according to the probability of each symbol, generates the appropriate
comparison threshold. This process continues until a maximum number of bits has
been decoded. The initial voltage of the biased cell is stored within the sample and
hold circuit, shown in Figure to prevent writing to the memristor during an
on-going read operation. The total number of bits stored per memristor is limited
by the minimum distinguishable voltage at the output of the comparator. This limit

is specified at design time and assumes that external decoding mechanisms detect
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when a specific output vector generates more bits than the noise level allows, and

truncates the bit vector to the number of bits that can be stored within the cell..

| Memristor
| Switchbox Vtop

Output to

(] -P ) ° Ro ] . .
—— Shift Register

(o) Rof,'f

bottom

|
T

Figure 7.2: Circuitry for reading an encoded value from a memristive data cell.
Each read operation begins by selecting the cell in the data array which is compared
against a reference voltage. The comparison is stored in a shift register at the end of
each interim read operation. Depending upon the result of the comparison, either
‘/top or ‘/bottom is set to ‘/7‘7L

Voltage divider switchbox: To properly modulate V;,, and Vioom, a circuit is re-
quired to both generate V,,, and to store intermediate values during the decoding
process. This objective is accomplished by the voltage switchbox shown in Figure
Each sample and hold circuit drives a single pair of resistors. The resistance
values of each pair correspond to the probabilities associated with a particular bit
stream (e.g., po = 0.1,0.2...). During the decoding process, V,,., and V,,;, are ap-

plied, respectively, to Vi, or Vieiom. The pair of resistors that correspond to the
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selected branch is switched on; the voltage division across the resistors gives rise
to the threshold voltage V;,,. The sample and hold circuit stores the current value
of V,,,. If the readout voltage is greater than the threshold voltage, the bottom sam-
ple and hold circuit is switched, otherwise the top sample and hold circuit is trig-
gered. Switching the sample and hold circuit generates a new value for either V,,,
or Viortom, producing the next threshold voltage V;,,. This process continues until
the stored sequence is decoded.

The operation of the circuit is illustrated in Figure This graph depicts the
voltage divider switchbox for an input bit stream containing only ones. A larger
probability (py) indicates that ones are more prevalent in the input bit stream then
zeros. Storing this specific sequence as a voltage level is more effective when the
circuit is configured to a probability of 0.9 rather than the other two cases, resulting
in a larger detectable difference between voltage levels. A larger detectable voltage
level illustrates the process in which arithmetic encoding can be used to improve
the storage density of a memristive device as compared to a traditional multi-bit

approach.

7.2.2 Encoding and write circuitry

A variable-length data sequence is encoded into a single memristor by the cir-
cuity shown in Figure The write operation occurs in three steps. First, the data

being written, transmitted to the array in a pre-encoded state, creates a reference
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Figure 7.3: Voltage divider switchbox. |(a) Circuitry for generating threshold volt-
ages for both encoding and decoding circuitry. Viouom and V,,, are initially set to,
respectively, V., and V... If Enable,, is set high, the sample and hold corre-
sponding to V;,, is set to the threshold voltage V;,; the same is true for Enable,.
[(b)] Switchbox output for a bit stream of ones these for cases where the switchbox
is set to zero probability

voltage using the switchbox. Afterwards, the word line of the selected cell is bi-
ased high. Once En, and En, are switched on, the reference voltage is compared

to the voltage generated at the output of the array. Given the bidirectional nature



176

of memristive devices, this initial comparison, carried out by the write direction
comparator shown in Figure determines which direction to apply the bias to
perform the write operation. This process establishes whether an increase of de-

crease of the initial device resistance achieves the target value.

Vref I I_
Memristor >< Direction select
switchbox

i BL BL |
1
! WL i
: L |
i w— [ L | !
: 1
____________________ . i Datacell : |
1 . . . 1 P —— ]
1 Write termination H
! I WL_|
1 comparator /I H
i
1
1

direction
comparator

Sense node [
I 5

Figure 7.4: The adaptive write circuit. An initial read of the selected data cell de-
termines the direction required to write the device (En;). This signal is relayed to
the crossbar which selects the direction of the device. A fixed current is applied to
both the reference switchbox and the data array (En;). The write termination com-
parator indicates whether the state has been written. This event occurs when the
voltage across the current mirror transistors is the same, fixing the equal currents
and memristor resistance.
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After this initial read, the second stage applies a voltage to the selected cell by
raising the voltage on En,. Applying a voltage to the memristor device for a pro-
longed period changes the device resistance. The write termination comparator
continuously compares the two voltages, as indicated in Figure The End signal
is pulled low once the memristive device has been correctly written to the target
resistance. Drift in the resistance, which occurs at the termination of a write op-
eration, is a source of noise in the circuit. Note that the linear memristor model
utilized in this analysis is known to be inaccurate [132]; however, the write pro-
cedure adaptively adjusts the target resistance to any write based on the electrical

resistance of the device.

7.3 Improvements In Bit Density

Encoding a fraction to a continuous memristor is only limited by the granular-
ity at which the resistance can be changed, and the ability to distinguish values
during read and write operations. For these operations, noise in the circuit as well
as resistive drift governs the maximum number of bits that can be stored within a
memristor.

Vmin 2 Q(Vn + Vd’rift + VSH) (71)

Equation (7.1) describes the minimum distinguishable voltage V,,;,, within a mem-

ristive sensing operation. Vs specifies the maximum voltage caused by resistive
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drift from the write operation, and Vsy represents the cumulative error from each
of the sample and hold circuits. V. is due to the delayed termination of the write
operation. For example, assume a change in resistance between 10 K2 to 100 K2
corresponds to an output voltage swing between 0 to 1 volts. If 25 mV of circuit
noise is seen at the sensing circuitry and a 1 K2 drift gives rise to a 25 mV error,
the minimum distinguishable voltage would be 100 mV. Resistive drift and circuit
noise are dependent on the circuit topology and resistive state of the device. The
low resistance states drift more than the high resistance states due to the higher cur-
rents during the write procedure [245]. The sample and hold circuitry contributes
three sources of error: the pedestal error associated with the sampling of a voltage
level, the resistive drift caused by sampling during a read, and the droop rate of
the hold state [246]. All three sources of error have a direct effect on the minimum
distinguishable voltage.

For a simple two symbol alphabet, the disparity, a measure of the relative prob-

ability of symbols within an alphabet, is

disparity = abs((1 — po) — po) = abs(1 — 2py). (7.2)

This metric describes the compression characteristics of a particular input bit stream.
The storage capability of an array of memristive data cells can be characterized by

this metric.
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Table 7.1: Memristor model parameters [131]

u, 1x107" m2v-lg!

Rog 38 k€2

Ron 100 k€2
D 10 nm

Vin 1 \Y

7.4 Experimental Evaluation

The proposed circuit architecture has been evaluated using a 1.8 volt, 180 nm
CMOS technology. The memristor behavior is modeled by a linear VerilogA model
[247]. This model corresponds to (1) and (2). Device parameters are from [131],
and listed in Table For the purposes of this analysis, an ideal sample and hold
circuit is assumed. The effects of non-idealities are modeled by the parameter V,,;,,
as described in (7.1I). The data stream is modeled as a random binary sequence.
The arithmetic coding algorithm, applied to this sequence to determine the average
improvement in bit density, is a function of the probability characteristics of the
data stream and thei£; tolerable noise. For simplicity, the probability is determined

from the average occurrence of the symbols (4 = {0, 1}) within the sequence.
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Figure 7.5: Adaptive write circuitry for target voltage levels|(a)|650 mV, and |(b){550
mV. The End signal is pulled to ground when the device resistance has crossed the
target threshold.
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7.4.1 Circuit simulation

A simulation of the write circuitry is shown in Figure which demonstrates
that a memristive device adaptively switches to the target voltage. As the memris-
tor resistance changes, the voltage on the Sense node converges to the voltage spec-
ified by the switchbox. The End signal is pulled to ground when the memristive
device surpasses the target voltage. A key limitation of this adaptive circuit is the
wide range over which the device switching speed can vary. Switching from R,,
to the voltage level shown in Figure requires approximately 100 ns; however,
switching to the level shown in Figure requires more than 1.3 s. The adaptive
scheme has a one-to-one correspondence between a write bias voltage and a mem-
ristive state. In this adaptive scheme, higher resistance states correspond to lower
write bias voltages. As a result, switching to a higher resistance state causes the
switching process to require more time than if a full voltage bias is applied to the
circuit.

The maximum voltage range delivered to the memristor varies between 500 mV
(Vinin) and 980 mV (V},,4,). This range considers the voltage drop across the access
transistors and the adaptive current mirror (which is utilized during write opera-
tions).

The resistive drift of the device during this process is shown to be negligibly

small. This small drift is due to the slow switching speed observed in the device,
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which is on the order of milliseconds. The total peak Vy,, . is observed to be 0.3 11V,
comparable to the thermal noise generated by a memristor in the on state. Resistive

drift is therefore neglected.

7.4.2 Bit density

The minimum noise level determines the storage density as a function of the
data disparity. The bit density is illustrated in Figure |7.6/ and listed in Table
The case of no disparity models a traditional multi-bit approach, where the voltage
range is divided equally by the minimum increment in observable voltage (V,:,).
For this comparison, the voltage drop across the access devices for a traditional
multi-bit approach is assumed to be the same as the encoded approach.

An improvement in storage density over a traditional approach is seen for all
cases, however, only a marginal improvement is noted for those data sets with a
disparity less then 0.5. The average bit storage density can, however, be improved
by a factor of 7.6 for high noise, high disparity data sets. The overall improvement

in storage density is dependent on the relative frequency of the different sequences.
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Figure 7.6: Improvement in bit density versus disparity for increasing V,,.,,

Table 7.2: Average Bit Density vs Vi,

Disparity | 100mV | 50mV | 10mV | 1mV

0 1 2 4 7
0.1 1 1.7309 | 4.0015 | 7.4546
0.2 1 1.9029 | 4.0855 | 7.6279
0.3 1.344 | 2.0048 | 4.2803 | 7.7496
0.4 1.4055 | 2.2359 | 4.6454 | 8.2768
0.5 1.742 | 2.0182 | 4.8872 | 8.8869
0.6 1.8945 | 2.4858 | 4.7909 | 9.7958
0.7 2.6363 | 3.1652 | 6.0143 | 11.483
0.8 3.8793 | 4.6234 | 8.3456 | 14.622
0.9 7.6021 | 9.0552 | 11.498 | 19.867

7.5 Conclusions

A circuit architecture is presented which supports arithmetic encoding of data
within memristive data cells. Novel read and write circuits are described that sup-
port fine grain control and detection of the memristor device resistance. The en-
coding procedure exhibits storage density improvements of 7.6x for a specific data

set.



Chapter 8

Sub-Crosspoint RRAM Decoding for

Improved Area Efficiency

For high density applications, physical area is of paramount importance. A stan-
dard approach in semiconductor memory is to place the access circuitry, such as the
decoders and sense amplifiers, peripherally around the memory cells. The RRAM
devices, however, are integrated into the metal layers without using the silicon area
beneath the array.

Two topologies are proposed that integrate RRAM within the intermediate metal
layers, where the decode circuits are placed beneath the array (which is called here,
sub-crosspoint decoding). The peripheral row and column decode circuits are in-
tegrated beneath the crosspoint array by introducing crosspoint gaps, and by ver-

tically and horizontally staggering contacts to the rows and columns. A topology

184
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where only the row decode circuitry is placed underneath the array exhibits 38.6%
reduction in area for a single array with a 21.6% improvement in array efficiency. A
second topology, with sub-crosspoint placement of both the row and column de-
coders, reduces the area of large RRAM crosspoint arrays by 27.1% and improves
area efficiency to nearly 100%.

Background on crosspoint memories are reviewed in Section The physical
topology of the RRAM crosspoint array is described in Section The proposed
topology is evaluated and compared to standard peripheral approaches in Section

[8.3] and some conclusions are offered in Section[9.5

8.1 Nonlinear crosspoint array

RRAM and other memristive devices have been proposed for use in crosspoint
arrays. Crosspoints arrays achieve a high cell density by integrating an RRAM de-
vice at the intersection of perpendicular metal lines on adjacent metal layers, as
described in Chapter

An individual bit is selected by biasing a row and grounding a column within
an array. Selecting a single row produces a voltage drop across the unselected rows
and columns. This effect produces parasitic sneak currents that propagate through
unselected cells, causing a degradation in sense margin and an increase in power

consumption [46]. These currents prohibit the use of RRAM-only crosspoints in all
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Figure 8.1: Planar and profile view of peripheral RRAM crosspoint array.

but the smallest arrays [47]. Larger arrays utilize a selector device (e.g., a tunnel-
ing barrier) in series with the RRAM to ensure that only a small (leakage) current
is passed through the unselected rows [48]]. Unlike traditional CMOS memories,
crosspoint memories also need to be bit addressable. Only a single bit can be writ-
ten into a crosspoint array during a write operation due to the resistive load of the
bit lines in large arrays. This characteristic requires additional area for the periph-

eral circuitry.

8.1.1 Related work

Recently, Liu ef al. [248] demonstrated a vertically integrated RRAM crosspoint
memory that integrates the peripheral access circuitry beneath the RRAM array.
The approach places the column and row segmenting circuitry as well as the driver
circuitry beneath the array, while placing the column decode circuitry peripheral to

the array. The topology proposed here avoids bit line segmentation and integrates
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both the column and decode circuitry beneath the array and is compatible with
the approach described in [248]. Expressions are provided in this paper to size the
array according to the physical dimensions of the decoder to ensure that the decode
circuitry is beneath the RRAM crosspoint array. Niu et al. [249] provide an area and

cost model that supports placing the driver circuits beneath the crosspoint array.

8.2 Physical design of RRAM crosspoint array

The area efficiency of a memory is the portion of the IC composed of the mem-
ory cells as compared to the total area of the memory system including all of the
peripheral circuitry. Memories typically exhibit array efficiencies ranging from 30%
to 40% for deeply scaled technologies. Only a fraction of the total die area is there-
fore dedicated to data storage. Higher array efficiencies increase memory capacity
without additional die area.

CMOS memory arrays rely on pitch matching of the peripheral circuits, such
as the decoders and sense amplifiers, to the width of the corresponding row or
column. The height of a row decoder is equivalent to the height of a cell. In a min-
imum sized RRAM technology, however, the dimensions are significantly smaller
(see Fig[2.5), making pitch matching difficult. The height of a crosspoint cell is 2F to
3F but the minimum height and length of a transistor is generally more than 3F be-

fore considering interconnect. The peripheral decode circuitry is therefore placed
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with staggered interconnect to drive an individual row or column, increasing the
area of an array, as illustrated in Fig.

RRAM crosspoint arrays, however, are fabricated within the metal layers and
do not utilize the silicon area beneath the memory array. The proposed topologies
embed the decoding circuitry beneath the crosspoint array to reduce area, thereby
increasing the area efficiency.

The key idea of the proposed topologies is to place the decode circuitry within
a grid, beneath the crosspoint array, and to stagger the contacts to ensure that
each decode block connects to a single row, as illustrated in Fig. Intuitively,
the height of a decoder can be hidden across multiple rows and the width of the
decoder can be hidden beneath columns. This structure creates a grid of sub-
crosspoint decoders beneath the crosspoint array.

Furthermore, gaps are introduced into the array interconnect to improve area
efficiency. Despite the slight reduction in cell density, the overall area of an array is
reduced. These gaps are strategically introduced into the array to facilitate access
to the columns for column decoding with minimal effect on the physical area.

The decoding circuit used for both topologies is described in Section The
proposed topology for sub-crosspoint row decoding is described in Section [8.2.2]

followed by the topology for sub-crosspoint row and column decoding in Section

B23
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Figure 8.2: Planar and profile view of proposed RRAM sub-crosspoint row de-
coders.

8.2.1 NOR decoder circuit

A NOR:-style decoder [199], commonly used in DRAM circuits, provides row
and column decoding for both topologies and is shown in Fig. The decoder
is modified for resistive memories. The selection transistors, required for address
decoding, are shown on the left. The driver circuitry for reads and writes are shown
on the right. If all of the inputs are low, indicating a match, the decoding node is
pulled high. If either R.,, W, 5, or W, ; is enabled, the address is valid and the
row or column is driven. The write enable signals (W.,, , and W, ;) are connected
to the high and low voltage drivers to enable the bidirectional writes necessary for

bipolar RRAM devices.
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Figure 8.3: Decoder circuit
8.2.2 Sub-crosspoint row decoding

A sub-crosspoint row decoder is constrained by the physical size of the min-
imum sized transistor, size of the output driver, metal routing for the power and
ground lines, and the number of columns and rows within the array. The transistor
size and metal lines constrain the height of the decoder. The number of columns
or rows determines the number of transistors required for decoding, which, in ad-
dition to the size of the output driver, determines the width of the decoder.

The height of a decoder is amortized across multiple rows, as illustrated in Fig
If the height of a decoder is H, £ decoders are placed side-by-side beneath a
crosspoint array, where £ is the minimum metal pitch of the technology. For binary
decoding, the number of rows is a power of two. The number of rows (N,,,) also

indicates the number of decoders placed in parallel, as each decoder connects to
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a single row. Placing decoders horizontally beneath a crosspoint array allows the
global predecoding circuitry to drive a column of decoders, as depicted in Fig.

The number of predecode bits is

Hsub + Hrouting

H c_pitch

Nr_pdec = ”092( )—‘7 (81)

where H.. and H,,y1ing are, respectively, the height of the decode and routing lines
normalized to the feature size of the technology. Hence, 2" #d js the number of

rows required to "hide" a row decoder. The physical width of a row is

Wrow = 2anﬂlecI/Vr_suby (82)

where

Wr_sub = Wdrive + QWtTZOQQ(Nrow) - Nr_pdec- (83)

W, _sub is the width of a single row decoder, Wy, is the width of a row driver circuit,
N, ow is the number of rows within an array, and W, is the width of the selection
transistor within the decoder. This expression provides the minimum width of a

row. The number of columns to maximize the density of this approach is gr=e=—.
c_pitc.
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8.2.3 Sub-crosspoint row and column decoding

Placing both the row and column decode circuitry beneath the crosspoint array
creates an interdependence between the number of rows and columns. The rows of
an RRAM crosspoint array are located directly above the silicon, permitting access
from beneath. The row plane of the crosspoint, however, blocks access to the col-
umn plane of the crosspoint from beneath. A gap is therefore introduced between
the rows to enable the sub-crosspoint decoder to communicate with the column
rows. The gap between individual rows provides access to the crosspoint columns
using the same metal layer as the row layer.

The physical topology of the sub-crosspoint decoder for both columns and rows
is shown in Fig. A decode sub-block consists of a co-located row and column
decoder. The sub-blocks are oriented in a grid pattern beneath the crosspoint ar-
ray. Contacts are staggered horizontally for rows and vertically for columns, as
illustrated in Fig. The column decoder is placed below the row decoder to
share the power rails with the row decoder, and to ensure that the shape of a row
and column decode sub-block is as close as possible to a square.

Completely hiding a sub-block requires 2"+ rows. If the same methodology
is applied to a column decoder, 2"er¢ columns are required. The number of rows
and columns of an array is 2Vr-vdcctNepdee ensuring that the array has an equal num-

ber of rows and columns.
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Expression (8.1) is used to determine the number of row predecode bits based

on the height of a sub-block. The required number of column predecode bits is

Wr sub
Ne_pdec = [ = ) 8.4
- ’V 092< Wc_pitch )—‘ ( )
where
Wr?sub = Wdrive + 2Wt7"N7"7pdec- (85)

The height of an array is 2Ve-rdee (2Nrpdec 5 4+-1). The width is 28rpdec2Nepaec W/, .
Assuming the same pitch for both the crosspoint rows and columns, the total

area of a memory array with sub-crosspoint decoder circuitry is

A — 2Nc7pdec+N'r;pdecH2 (2Nr7p(iec + 1) (8'6)

c_pitch

Note that and contain integer ceiling functions, ensuring that the decode
circuitry occupies less planar area than the crosspoint array. This constraint as well
as the 2" growth of the columns and rows with predecode bits produces unused
space beneath the sub-block. This space can be utilized to increase the write drivers
and reduce the resistive load. Note that these expressions produce a unique array
size that is ultimately dependent on the height of the sub-block. The array is there-

fore no longer a function of the number of rows, as in row-only sub-crosspoint
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decoding.

8.3 Evaluation

Sub-crosspoint decoding is evaluated and compared to standard peripheral ap-
proaches in the following section. Note that this evaluation only considers the array
efficiency of individual memory arrays and does not consider the global logic, de-
coders, and routing. The cell layout is based on 45 nm FreePDK design rules and is
scaled to a feature size of 22 nm. Itis assumed that an additional intermediate metal
layer is available in 22 nm technology (see Table [8.1). The layout of the decoding
circuitry is constrained to the first two metal layers (see Figs. [8.5/and [8.6).

The RRAM parameters are based on [137] and scaled to 33 nm (3F is the mini-
mum metal pitch for the local and intermediate metal layers and thus defined the
geometry of an RRAM device). A Simmons tunnel barrier model [108] is used to
simulate the selector device. In lieu of high voltage transistor models, the write
driver is sized according to a 0.9 volt, 22 nm PTM model and scaled to provide
double the current required to apply 3 volts to an RRAM device in the on state. No
more than 10% of the resistive load is due to the bit lines to ensure that at least 3
volts are dropped across the RRAM device during a write. The area of the periph-
eral sense amplifiers and column multiplexors is modeled using the methodology

provided in CACTI [201].
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Table 8.1: Parameters

Feature size (F) 22 nm
Metal pitch 3F
Routing metal layers 1to2
Crosspoint metal layers | 3to 4
Ron 34.9 kQ
RRAM write voltage 3V
Tunnel barrier thickness | 1.15 nm
Tunnel barrier bandgap | 0.6 eV

MowenandGmundRouting

Figure 8.5: Layout of row decoder in 45 nm CMOS.

A comparison of the peripheral approach with the sub-crosspoint row decode
topology for a rectangular array is listed in Table[8.2] A rectangular array integrates
as many columns as possible. For smaller array sizes, the proposed topology re-
duces the overall area by 38.6% and improves area efficiency by more than 20%.
For large arrays with 2,048 rows, the area advantage decreases to 6.4% as the area
of the array dominates the structure.

The area of a traditional square array with an equal number of rows and columns
is listed in Table[8.3] Similar to a rectangular array, the physical area for smaller ar-

rays exhibits an improvement of 36.0% and 16.8%, respectively, for area and area



Table 8.2: Comparison of rectangular arrays
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Peripheral array Sub-crosspoint row decoder array
Number | Number | Area Array Area Area Area
of rows | of column | (um?) | efficiency | (um?) | efficiency reduction
128 167 298.3 35.7% 183.3 57.3% 38.6%
256 197 590.8 42.9% 430.4 58.0% 27.2%
512 228 1,206.3 | 48.5% 992.2 58.2% 17.8%
1,024 258 25187 | 525% |22440 | 58.3% 10.9%
2,048 288 53522 | 55.0% |50095 | 584% 6.4%
Table 8.3: Comparison of square arrays
Peripheral array Sub-crosspoint row decoder array
Number of | Area Area Area Area Sub- Area
rows and (um?) | efficiency | (um?) | efficiency | crosspoint | reduction
columns unused space
128 249.2 31.8% 159.5 48.6% - 36.0%
256 705.3 44.9% 493.9 62.2% 77.1 30.0%
512 2,109.9 59.1% 1,622.9 74.5% 660.9 23.1%
1,024 6,760.0 72.3% 5,657.8 84.0% 3,477 4 16.3%
2,048 2,3168.3 | 82.6% | 20,7072 | 90.5% 15,833.5 10.6%

efficiency. While the reduction in area follows a similar trend in rectangular ar-

rays, the proposed approach maintains an area efficiency advantage unlike with

rectangular arrays. This approach also demonstrates that sub-crosspoint row de-

coding utilizes only a small portion of the area under a crosspoint array for larger

array sizes. At 2,048 columns and rows, 76% of the area under a crosspoint array

is unused, permitting additional peripheral logic to be placed under the array to

improve the area efficiency of larger size arrays.

The column decode circuitry can be integrated beneath the crosspoint array in

the manner described in Section 8.2. The sub-block decoder is shown in Fig. As
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Table 8.4: Sub-crosspoint row and column decoder, square array

Number of Area Area Area
rows and columns | um? | efficiency | reduction
2,048 19,412.4 | 99.9996% | 27.1%

listed in Table (8.4} the array efficiency of this approach is nearly 100%. Moreover, a

27% reduction in area is produced.

8.3.1 Implications of sub-crosspoint decoder on array size

Sub-crosspoint row decoding is best applied to smaller RRAM arrays, where
the array size and peripheral circuitry are comparable. For square arrays greater
than 512 x 512, the unused space beneath the array is at least 31.3% of the array area
and grows as high as 76% in 2,048 x 2,048 arrays. For an array size of 256 x 256, the

unused area is 11% with a 17.3% improvement in area efficiency.
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The sub-crosspoint row and column decoding approach presented here presents
an inflection point at an array size of 2,048 x 2,048 that achieves near 100% area ef-
ficiency. A smaller number of rows and columns exhibits lower area efficiency.
While sub-crosspoint topologies produce smaller arrays than the standard periph-
eral approach, the reduction in area efficiency degrades the storage capacity of an
individual memory. Arrays larger than 2,048 x 2,048 are dominated by the area
of the crosspoint array and result in a negligible improvement in array efficiency.
While additional sub-blocks are required to decode larger arrays, the area of the
memory cells is larger than the area of the sub-blocks. Thus, additional unused
area is available beneath the array, although with increased resistive and capacitive

impedances within the crosspoint array.

8.4 Conclusions

Two physical topologies for sub-crosspoint decoding of an RRAM based mem-
ory are demonstrated. The two approaches are sub-crosspoint row decoding, and
sub-crosspoint row and column decoding. Expressions are provided for both topolo-
gies to size a crosspoint array as well as the column and row decode circuitry. Sub-

crosspoint row decoding reduces area by up to 38.6% over the standard peripheral
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approach, with an improvement in area efficiency of 21.6% for small 128 x 128 ar-
rays. For large 2,048 x 2,048 square arrays, area is reduced by 10.6% with a corre-
sponding improvement in area efficiency of 8.0%. Sub-crosspoint row and column
decoding reduces the RRAM crosspoint area by 27.1% and improves area efficiency

to nearly 100%.
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Chapter 9

STT-MRAM Based Multistate
Register

9.1 Introduction

Resistive memories are poised for integration into standard CMOS processes,
providing novel performance, power, and reliability capabilities. Resistive memory
exhibits qualities that are amenable to a variety of different applications. Metal-
oxide resistive RAM (RRAM) is suitable as a DRAM and flash memory replacement
due to the multi-bit capability and high density [27,250]. While device technology
remains an active area of research, state-of-the-art RRAM endurance is on the order
of 10'2, still too low for high performance microprocessor applications [251}252],
and requires high voltages (1.8 to 10 volts) for sub-nanosecond writes [253]].

Spin torque transfer MRAM (STI-MRAM) is a resistive memory with CMOS
compatible voltages and practically infinite endurance [254]. The challenges of STT-

MRAM, however, have been providing reliable, fast switching while overcoming
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the relatively small off/on resistance ratio (g—i) [231].

In this paper, STT-MRAM is integrated into a non-volatile multistate pipeline
register (MPR) [255]. Physical MRAM phenomena, such as field assisted switch-
ing [256-258], reduced non-volatility [222]], and device structures are evaluated.
An STT-MRAM-based circuit is compared to an RRAM-based multistate register
in terms of area, power, and speed, and applied at both the gate level and within
a multi-threaded microprocessor using multistate registers as pipeline registers
[209]. A STT-MRAM-based MPR circuit is demonstrated that achieves a 487 ps
write latency, consistent with in-core operation.

Background on resistive memories is provided in Section The proposed
multistate register is described in Section Device and circuit evaluation is dis-

cussed in Section 9.4} followed by some conclusions in Section

9.2 Background

Different resistive memory technologies share a set of common characteristics.
Electrically, the devices behave as two terminal resistors, where a sufficiently large
current or voltage bias changes the steady state resistance. Physically, each device is
typically fabricated by depositing one or more thin films in series with an intermetal

via on the back end of a CMOS process.
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921 MRAM

MRAM has several traits that differ from other resistive memories. Unlike RRAM
and other memristive technologies, MRAM is a bistable resistive memory, capa-
ble of existing in either a maximum (Rorr) or minimum (Roy) resistance state.
MRAM also exhibits a high-to-low resistance ratio on the order of two to three,

much smaller than the 10? to 10° ratio exhibited by RRAM devices [27].
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Figure 9.1: Device structure and magnetic orientation of in-plane and perpendicu-
lar MTJs

These differences arise due to the physical switching and conductance mecha-
nisms exhibited by MRAM. MRAM devices operate by switching the orientation of
a magnetic domain (free layer) with respect to a magnetic reference domain (fixed
layer). This switching process does not alter the crystalline structure of the material
and therefore avoids the physical degradation exhibited by RRAM. Consider the in-
plane MT]J illustrated in Fig. If the domains are in the opposite orientation, the

device resistance is Rorr. Domains orientated in the same direction exhibit a low
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resistance (Ron). Applying a bias to the device produces a force on the magnetic
orientation of the domain. A sufficiently high bias will switch the device state. The
polarity of the bias controls the final resistance, i.e., a positive bias switches the de-
vice to a high resistance, and a negative bias switches the device to a low resistance.
Switching a domain, however, is a stochastic process that is strongly dependent on

temperature.

9.2.1.0.1 Perpendicular versus in-plane MT] structure STT-MRAM devices can
also be configured in either an in-plane or perpendicular-to-plane structure, as il-
lustrated in Fig. The key difference between these two device types stems from
the steady state orientation of the magnetic domains. In-plane MT]Js (IMT]) are ori-
ented with the plane of the thin film whereas perpendicular MT]s (PMT]) are ori-
ented orthogonal to the film. Structurally, in-plane MT]Js are patterned in an oval
shape to control the relative direction of the device magnetization. The magnetiza-
tion of a perpendicular-to-plane device is controlled by the crystalline structure of
the magnetic layer and material interfaces [251]. These devices are circular unlike
in-plane MTJs.

The oval structure of an in-plane MT] creates a demagnetization field within the
device that is caused by the non-uniform dimensions of the device. This field par-

tially opposes the switching process. Perpendicular MT] are symmetric, avoiding
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the effects of the demagnetisation field. PMTJs also exhibit higher thermal stabil-
ity than in-plane MT]Js, and require lower switching currents. PMT]J fabrication,
however, is more difficult than IMT]Js due to the complex material stack needed to

control the crystallographic orientation of the thin film [52].

9.2.1.0.2 Physical mechanisms to enhance STT switching In first generation
MRAM, current induced magnetic fields switch the individual devices [259]. Mag-
netic fields, however, are difficult to control and exhibit scaling issues such as half
select disturbance [223,260] and high write energy . Augmenting an STT-MRAM
with a magnetic field [224,225] has been proposed to improve device switching
speeds [257,258,261] to enhance system performance in on-chip caches [256].
Additionally, the ten year state retention constraint commonly used in commod-
ity MRAM and DRAM [222}251] is unnecessary for in-core microprocessor appli-
cations. By reducing the volume of the switching layer of the MRAM device, the
stability of the device degrades, shortening the retention time. This reduced sta-
bility also lowers the energy and latency of the switching process, enabling greater

performance in STT-MRAM based caches [262].

9.3 Circuit Design

A multistate flip flop with STI-MRAM is proposed for in-pipeline registers.

The circuit is based on [255] with modifications to support STI-MRAM. A brief
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overview of circuit operation is provided in this section.

The multistate flip flop primarily operates as a digital CMOS register within a
pipeline which switches data from a local scratchpad memory when triggered by a
global signal, as illustrated in Fig. The modified circuit structure is illustrated
in Fig. In this state, the circuit operates in a CMOS mode without interfacing
to the STT-MRAM. Upon application of the enable signal, the master stage of the
flip flop writes data into a cell within the scratchpad memory (see Fig. 0.3). After
the write completes, a second MT] is selected from the scratchpad, and is passed to

the slave stage of the CMOS register.

SO-n
Scratchpad
heck
Ren ’( Chec SA
& CMOS
Din Register Egm
-— |
Clk |

».
>

Figure 9.2: STT-MPR flip flop. During normal operation, the MPR operates as a dig-
ital register. When triggered, a MT]J is selected from the scratchpad by S,,. The write
enable signal Wy, is set high, and the data in Stage, is written to the scratchpad. A
local check circuit ensures a successful write. A different MTJ is selected from the
scratchpad. The R, signal is set high and the CMOS register is reconfigured into
a sense amplifier to read the selected MT]J.
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Figure 9.3: Circuit diagram of STT-MPR flip flop.

9.3.0.0.3 Field switching Field assisted switching [224] applies a large perpen-
dicularly oriented magnetic field across an MT]. The applied magnetic field desta-
bilizes the MTJ, decoupling the switching process from random thermal perturba-
tions, enabling the device to switch faster. To generate the required magnetic field,
a current of up to several milliampheres is placed adjacent to the MT] device. The

energy can be reduced by sharing this current among multiple MT]Js [256].

9.3.0.0.4 Compensating for stochastic switching The switching process of an
MT]J is a random process, resulting in a finite probability of incomplete switching
[263]. To compensate for this issue, a checker read is included to ensure that the
target value is written. An additional read step is performed after the write. The
output of the read is compared to the stored state in the master stage with an XOR
gate. If the output of the XOR gate is high, the write is attempted again until the

correct result is written. While writes are triggered globally, only a small fraction
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of local registers need to be rewritten due to incomplete writes. Additional logic
is therefore included to bypass the global write enable signal to ensure that only

unsuccessfully switched registers are rewritten. The circuit is shown in Fig.

Winitial J‘DO'
Wenable_globalJ

Stage, . j_‘Dwen
Output /

Figure 9.4: Check logic for STT-MPR flip flop.

Each switching event = can be treated as a Bernoulli trial [264]. The number of
switching attempts (V) is therefore a binomial random variable. The probability
of switching p,,, is determined from the switching probability of an STT-MT]J for
an applied write pulse of specific duration. The probability of switching on the n'"
attempt is

Plx1=0..2,1 = 0,7, = 1) = peu(1 — pou)™ " 9.1)

The total number of switching attempts is therefore the expected value of IV,

E[N] = npa(l = pa)""
n=0

= 1/Pau 92)
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The average switching latency ¢, _q., Of a device is therefore

t
=, 9.3)
Psw

tswiavg -

where t,,, is the length of the current pulse applied to the MT]J.

9.3.0.0.5 Architectural concerns In the continuous flow multithreaded architec-
ture (CFMT) [209], an idle state is stored within an MPR scratchpad duringa DRAM
memory access. An MPR based multithreaded microprocessor therefore needs to
retain an MT]J state for S * tpranr, where S is the number of stored states. The la-
tency of a DRAM access (tpran) is approximately 50 nanoseconds [199], but varies
based on the configuration, application, and queueing policy for read accesses in
the memory subsystem. Much of the architectural speedup provided by CEMT is
achievable with 16 scratchpad states [255]. A retention time of one microsecond is

therefore the lowest possible delay without causing errors.

9.4 Setup and evaluation of circuit

The circuit simulations are based on the predictive technology model for 22 nm
CMOS [227]]. The physical area is based on FreePDK45 scaled to the 22 nm tech-

nology [211]. The MT] device parameters are based on ITRS [51] for the in-plane
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device and [265] for the perpendicular MT]. MT] switching for in-plane and per-
pendicular devices utilizes a macrospin LLG solver with the M? simulator [226].
Parameters for each MT] variant are listed in Table[9.T|with the LLG simulation pa-
rameters listed in Table[9.2] The thermal stability of each MT] is varied by reducing

the thickness of the free layer [222,266].

Table 9.1: MT]J parameters

In-Plane |Perpendicular
Saturation Magnetization (M) |8 x 10°4/m | 12.6 x 10°4/m
Long axis 70 nm 40 nm
Short axis 20 nm 40 nm
Thickness 2.9 nm 1.3 nm
Ron 5k 5k
TMR 150% 127%
Iswitching 61.5 MA 80 IU/A
Field line spacing 21 nm 21 nm

Table 9.2: LLG Simulation parameters

v 1.76x1011 220

o 0.01 (in-plane) / 0.027 (perpendicular)
Temperature 350 K

Time step 0.25 ps

Initial angle (6y) 2°

9.4.1 Physical area

The area of the STT-MPR consists of the CMOS register, scratchpad memory,
sense circuit, and check logic (see Table . The additional area required for the
write checking logic is greater than a typical digital CMOS register. The scratchpad
requires an additional transistor per MT], exhibiting linear growth with additional

stored states. These additional constraints result in a greater area overhead than
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an RRAM based MPR [255]. Note that the in-plane and perpendicular MT]s are
integrated within metal vias, and therefore either technology does not effect the
overall area.

The field based STT-MPR requires greater area than a non-field assisted register
due to the additional field lines. The area is therefore larger, and the overhead per

state shrinks at a slower rate than a non-field assisted STT-MPR.

Table 9.3: Area of STT-MPR configurations

Area(um) | Overhead | Overhead per state

Register 2.0 - -

Check Logic 3.0 152.8% -

STT 4 7.2 264.3% 66.1%
STT 4+8 8.1 310.4% 25.9%
STT 4+16 8.9 350.8% 17.5%
STT 4+32 10.5 429.2% 11.9%
STT 4+64 13.7 591.5% 8.7%
STT 4 Field 7.5 279.8% 70.0%
STT 4+8 Field 11.8 495.0% 41.2%
STT 4+16 Field 14.5 632.4% 31.6%
STT 4+32 Field 19.9 907.2% 25.2%
STT 4+64 Field 30.8 1456.9% 21.4%

9.4.2 STT-MT] read latency and energy

The read energy and latency of the STT-MPR are listed in Table The read
energy and latency are dominated by the junction capacitances and resistance of the
MT]J and select transistors. The read delay also increases as the number of MT]Js
increases. This trend differs from an RRAM based MPR where the resistance of
the RRAM device dominates the impedance observed by the sense circuit, and is

therefore mostly independent of the number of storage devices. The smaller TMR
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of the PMT]J (127%) as compared to the IMTJ (150%) results in a higher delay (up

to 1 ps) and energy (up to 0.5 {]) for MT] reads.
Table 9.4: MT]J scratchpad read delay and energy

In-plane MTJ Perpendicular MT]
MT] count | Read delay (ps) | Read energy (f]) | Read delay (ps) | Read energy (f])
STT 4 95.3 29 96.3 3.4
STT 4+8 119.8 3.8 121.1 43
STT 4+16 143.7 4.8 145.2 53
STT 4+32 192.2 6.8 193.9 7.2
STT 4+64 290.2 10.7 290.9 11.2

9.4.3 MT] write latency and energy

By reducing the device retention time and applying a magnetic field, the MTJ
switching latency is reduced, as illustrated in Figure Reducing the retention
time without an applied field reduces the latency of the device to approximately 2.1
nanoseconds. A 6.5 mA field current achieves a switching latency of 1.1 nanosec-
onds with a retention time of 100 seconds. Applying high fields at retention times
below 100 seconds, however, causes the MT] to oscillate between the high and low
states during writes. This oscillation may be avoided by terminating the field im-
mediately after a write. This precise timing, however, is impractical when sharing a
tield current among multiple STT-MPR circuits; further reductions in the switching
latency is therefore not possible without local detection of switching.

The switching latency of perpendicular MTJs with reduced retention time and
applied fields is illustrated in Figure Unlike in-plane MTJs, magnetic fields

have a less pronounced effect on the switching latency of perpendicular MTJs. A 1.6
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mA field assistance exhibits switching latencies similar to a non-field assisted MT]J.
Moreover, all field currents demonstrate little change over a non-field assisted per-
pendicular MTJ at lower retention times. The reduced effectiveness of the field can
be explained by the lack of a demagnitization field within the PMT]. Field assisted
switching, however, can reduce the switching latency for longer retention times,
indicating that field assistance is more effective in array-based memory structures.
PMT]Js with reduced retention times and zero field current exhibit sub-nanosecond
switching (505 picoseconds) and are therefore advantageous for in-core memory

applications.

Switching latency (ns)

10°¢ 10 102 10° 102 10* 108
Retention time (s)

Figure 9.5: Retention time characteristics of an in-plane MT] with reduced retention
time and current induced magnetic fields. The switching latency is reported for p;,,
=0.95

The write energy of several MT] configurations are listed in Table These de-
vice configurations provide retention times of one microsecond and one millisec-
ond to describe, respectively, aggressive and worst case timing conditions. The

energy consumption of an STT multistate register is greater than an RRAM MPR.
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Figure 9.6: Retention time characteristics of a perpendicular MT] with reduced re-
tention time and current induced magnetic fields. The switching latency is reported
for py, = 0.95

This higher energy is due to the much lower resistance of MT] devices as compared
to RRAM devices. While field currents lower the MT] switching latency, the rela-
tively high resistance of the field line reduces the number of gates that can share a

tield current, increasing the energy consumption of the register.

Table 9.5: STT Multistate Register Write Energy for MT] Configurations

In-plane MTJ Perpendicular MT]
Number | Retention | Write energy | Latency |Retention|Write energy| Latency
of gates @ 2 Sigma @ 2 Sigma

1.00E-06 1.02E-13 2.09E-09 | 1.00E-06 3.23E-14 5.05E-10
1.00E-03 1.97E-13 4.02E-09 | 1.00E-03 6.67E-14 1.04E-09
1.00E-06 1.57E-13 1.71E-09 | 1.00E-06 5.40E-13 5.11E-10
1.00E-03 3.11E-13 3.44E-09 | 1.00E-03 1.13E-13 1.06E-09
1.00E-06 3.90E-13 1.51E-09 | 1.00E-06 1.32E-13 4.89E-10
1.00E-03 6.10E-13 2.34E-09 | 1.00E-03 2.84E-13 1.04E-09

- - - 1.00E-06 3.64E-13 4.76E-10
1.00E-03 9.70E-13 1.29E-09 | 1.00E-03 7.34E-13 9.60E-10

- - - 1.00E-06 1.26E-12 4.52E-10
1.00E+02 | 3.05E-12 1.09E-09 | 1.00E-03 2.37E-12 8.47E-10

No Eield -

Field 1.6 mA 33

Field 3.2 mA 12

Field 4.8 mA 6

Field 6.5 mA 2
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9.5 Conclusions

An STT-MT] based MPR circuit is proposed for use in an in-core microprocessor
pipeline and compared with an RRAM based MPR. Lowered thermal stability and
current induced magnetic fields are explored to reduce switching latency. These
effects are evaluated for both in-plane and perpendicular MTJs, demonstrating a
significant reduction in the write latency. Field assisted switching is shown to ex-
hibit a much stronger effect for IMT]s than PMTJs. PMT]Js with reduced retention
times can achieve sub-nanosecond switching without the application of a nearby
magnetic field. Both MT] technologies are capable of switching latencies on the
order of one nanosecond, enabling switching delays compatible with in-pipeline
microprocessor blocks. While additional write power (an increase of at least 10.5
f]) and area (an increase of at least 168%) are required as compared to an RRAM
based MPR, the infinite write endurance and voltage compatibility of STT-MRAM
is more amenable to the high frequency operation required by in-pipeline mem-
ory structures and should therefore be considered as an alternative to RRAM for

in-core microprocessor.
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Chapter 10

Conclusions

The cadence of semiconductor technology development has echoed through
many industries, enabling exponential computing advancements and novel com-
puting platforms. Computing has relied on the availability of inexpensive, low
power, high capacity memory, both to manage system challenges like the Von Neu-
mann bottleneck and to increase the size and scope of computing. As the gener-
ational improvements of mainstream CMOS memories begin to slow, memristors
are a class of technologies capable of supporting future performance and capacity
goals while offering opportunities for novel circuit functions.

Memristor technologies have progressed through a period of rapid develop-
ment, with MRAM and metal-oxide RRAM being two of the most prominent forms.
Much of the current research has focused on fabrication challenges. Multiple mate-
rial systems have been evaluated and explored for RRAM, such as HfO, TiO, TaO,

AlO, and SiO as well as other forms of oxide-based technologies. Research in this



217

domain has focused on increasing density, improving endurance, controlling vari-
ability, and reducing write and read time and energy. MRAM research has focused
on improving yield, optimizing device characteristics, and improving cell density.
Increasing the on-off resistance ratio while reducing switching delay and write cur-
rents has been a key challenge.

These objectives directly affect the performance of modern memory systems.
The density of a memory system determines the impedance of a memory array,
placing a fundamental limit on capacity. The write energy affects the viability of
a memory device for certain applications. Variability and resistance ratios impact
the read performance of an array.

The research described in this dissertation considers these challenges from phys-
ical topology and circuit design levels. Field assisted writes of MRAM devices
specifically address the read and write energy of MRAM caches, significantly re-
ducing energy and latency while enabling MRAM for latency critical applications
such as in-core cache. This concept is extended to STT-MPR, which enables the use
of MRAM in pipeline registers. STT-MRAM memory cells enhance the low resis-
tance ratio of MRAM to improve sense margins, providing a mechanism to enhance
read performance. Arithmetic encoding introduces compression storage into an in-
dividual cell, improving the effective density of an array. Sub-crosspoint decoding
similarly reorganizes the array circuitry to both increase both array efficiency and

memory array capacity.
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The research described in this dissertation also proposes novel circuits enabled
by resistive memories. The memristive pipeline register integrates memristors within
a high performance microprocessor, supporting greater functionality through faster
thread switching and higher system performance. An MTJ-based inductor explores
the novel use of MTJs to achieve high density on-chip inductance.

The topics described in this dissertation address some of the core concerns of
resistive memories while exploring novel applications for these devices. Modern
memristive circuits and systems promise to revolutionize memory systems. The
results described in this dissertation support the development of next generation

computing systems.
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Chapter 11

Future Work

RRAM and flash memories are considered competing memory devices. Com-
bining these two technologies, however, may solve the pressing issue of variational
effects in semiconductor analog circuits. Analog circuits are typically relegated to
highly mature process technologies that cannot achieve the performance of leading
edge processes. Despite the use of mature technologies, these circuits are subject
to overdesign to achieve acceptable yield. The combination of these effects leads
to a “fixed bandwidth-accuracy-power tradeoff which is set by technology con-
stants” [267]. Moreover, performance characteristics often degrade in final prod-
ucts. Analog-to-digital converters (ADCs), for example, are designed with a target
bit resolution but the actual circuit will often support a much lower resolution due
to noise and process variations.

RRAM coupled with flash memory has the potential to avoid these problems
and achieve circuits with low variations. This capability is due to two fundamental

characteristics of RRAM and flash transistors: 1) the conductance/transconductance
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is tunable, and 2) the change in conductance/transconductance is invariant below
a threshold voltage.

Analog circuits based on memristors and memristive transistors, i.e., three ter-
minal switches with modifiable gain and channel conductance, are suggested as a
remedy to the issues of variation in modern analog ICs, potentially achieving better
performance while consuming less power. Circuits based on these devices can be
tabricated with a configurable circuit topology, programmed after fabrication, and
operated below the memristor threshold voltage. The device programmability en-
ables two key features currently unrealizable in high performance analog circuits.
Variations can be detected and corrected during the post-fabrication test process,
enabling more aggressive transistor sizing to produce higher performance circuits
while dissipating less power. General circuit structures can be programmed after
device fabrication, enabling field programmable analog circuits.

These two research directions are presented in this chapter for further investiga-
tion. Variation reduction with tunable analog circuits is proposed in Section [I1.2}
Enhanceing the circuit structure, interconnect design, and related design method-
ologies required for memristor-based high performance programmable analog; cir-
cuits are suggested in Section A summary of this chapter is provided in Sec-

tionIT.4
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11.1 Variations in Analog Circuits

The analog design process requires an understanding of variational effects on
transistor and interconnect performance. Global variations can affect large portions
of an IC. Local variations can cause parameter mismatch among individual tran-
sistors in close proximity.

Local variations produce changes in transistor process parameters that are typ-
ically controlled by changing the physical area of a device. Channel carrier con-
centration, gate oxide thickness, sheet resistance, and free carrier mobility exhibit

a variance,

02 X —— (11.1)

where L and W are, respectively, the transistor length and width, and p represents
the process parameter of interest [268]. Based on geometric parameters, the vari-

ance of electrical parameters (e of a device) can be modeled by

de
2 2 2
ol = ;(5—%) o2, (11.2)
where p; indicates the process parameter i [268]. Those electrical parameters most

relevant to an analog circuit are the MOS drain current, transconductance, input

voltage, and output conductance.
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Addressing these variations is typically handled by employing sizing and pat-
terning techniques. As the size of a transistor increases, the potential mismatch
between local components typically decreases [268]. Placing devices in close prox-
imity is therefore a common technique for improving analog circuit performance
[268]. Active and passive devices are patterned with symmetric geometries to min-
imize any nonuniformities in component performance. Note that scaled technolo-
gies, due to increased variability with smaller lithographic patterning, are more
sensitive to device mismatch. Consequently, analog circuits typically utilize much
larger transistors than required by the design rules of the technology, forfeiting

much of the performance enhancements derived from CMOS scaling.

11.2 Variation reduction in tunable analog circuits

Three basic amplifier circuits form the basis of many analog circuits. Memristive
programmable versions of the common source, common drain, and differential pair
amplifier circuits are shown in Figure Both memristors and memristive tran-
sistors can be programed by controlling the power rail and certain internal nodes
within the amplifiers. For the common source amplifier, programming the mem-
ristor consists of controlling the power rail, and grounding the central node and all
other contacts within the amplifier. Each terminal can be controlled with high volt-

age (HV) transistors configured with multiplexers connected to external voltage
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sources. Note that it is important to control the parasitic capacitance introduced by
the high voltage transistors. The capacitance of the HV transistors can be reduced
by biasing the bulk contact during normal circuit operation. This method requires
additional wells for the HV transistors. The amplifier transistor is programmed in
a similar manner by controlling each device contact with HV transistors. The same

steps can be used to program the common drain and differential pair amplifiers.

11.3 Programmable analog circuits

To provide field programmability, a regular structure is required where several
programmable memristors and transistors are incorporated within a configurable
interconnect. For example, a programmable transistor (PT) can be implemented
as an array of regular sized transistors (RST), as illustrated in Figure RSTs
are switched on to increase the conductance of a PT. Each set of RSTs is connected
to the same gate, drain, and source contacts with different body contacts for pro-
grammability. A high conductance transistor (HCT) is introduced within an array
of RSTs to control the parasitic junction capacitance of the array. Shutting off the
HCT separates one set of RSTs from subsequent sets of RSTs in the array, isolating
the capacitive load of the RST blocks. Similarly, arrays of memristors and RSTs can

be used as programmable resistors and capacitors.
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Figure 11.1: Circuit diagram of a) common source, b) common drain, and c) differ-
ential pair amplifiers with tunable components.
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Figure 11.2: Programmable transistor array.
11.3.1 Support circuitry and methodology

Programmable analog circuits require support circuitry to program, test, and
reprogram devices. A feedback loop based write circuit similar to the circuit de-
scribed in Chapter [/ can be used to program specific memristor values based on
a reference voltage or current. Some RRAM material systems also exhibit thermal
degradation over time in high temperature environments [269,270]. Periodic cir-
cuit refresh of device parameters may be required to maintain specific values in
embedded applications.

Supporting a wide range of transistor characteristics while achieving a high de-
gree of variation mitigation requires methodologies to size programmable memris-
tors and transistor arrays and the related interconnect. Tradeoffs need to be made
that consider the number of HCT devices, reduction in capacitance, and size of the
HCTs.

An interconnect topology is required to interconnect these transistor and device

arrays into an effective amplifier circuit. Two configurable layers of interconnect
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are required. A local interconnect layer connects blocks of memristor devices and
transistor arrays to create individual amplifier circuits. A global interconnect layer
interconnects multiple amplifier blocks. The topology of the interconnect strongly
affects the load characteristics, introducing a tradeoff between the parasitic inter-
connect impedance and the performance of the configured amplifier. As more de-
vices are included within the local analog blocks, the interconnect load on the PTs
and memristors increases. The parasitic interconnect impedances of the global net-
work also introduce fan out problems, potentially degrading the performance of

the amplifier.

11.3.2 Alternatives to flash

Other transistor technologies with tunable behavior have also been proposed
[271]. Resistive switching has been demonstrated in bipolar transistors [271,272].
In these technologies, a memristor layer is placed between the emitter and the
base within the bipolar transistor. Modulating the memristor resistance changes
the effective tunnel barrier thickness at the base-emitter junction. This method re-
sults in tunable current gain within the device which can support the proposed
programmable analog circuitry. These technologies are based on the same set of
conductance and fabrication mechanisms as RRAM. While these devices are still
nascent, further development provides an avenue for enhanced scalability than is

currently achievable with floating gate transistors.
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11.4 Summary

RRAM technology has provided an avenue for circuit programmability that was
previously only possible with discrete components. Two key research avenues are
discussed for further investigation. Analog circuits that can be tuned after fabrica-
tion to remove variational effects are discussed, exhibiting the potential to use more
aggressively sized transistors at scaled technology nodes to achieve higher perfor-
mance. Programmable analog circuits are proposed for real-time changes to com-
puting requirements. The development of these two research avenues may provide
a radically different process for analog circuit design, enabling higher performance
than existing approaches. Furthermore, high performance programmable analog
circuits supports circuit synthesis, potentially enabling design automation of ana-
log circuits as is commonly achieved with digital circuits. Future research on the
development of circuits, physical layout, and methodologies to leverage the pro-
grammability of memristors for analog circuitry is of general importance to high

performance computing.
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