Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hub

DISSERTATION

Devices and Circuits for Stateful Logic
and Memristive Sensing Applications

ausgefiihrt zum Zwecke der Erlangung des akademischen Grades
eines Doktors der technischen Wissenschaften

unter der Betreuung von
Privatdoz. Viktor Sverdlov
und
O.Univ.Prof. Siegfried Selberherr

eingereicht an der Technischen Universitat Wien
Fakultat fir Elektrotechnik und Informationstechnik
von

Hiwa Mahmoudi

—

Matr. Nr. 1029453

Wien, im April 2014




To Xalo Rébwar

“Yayloljqig usip N.L Te 1uld ul ajgejrene si sisay) 210190 Syl JO UoisiaA [eulblio panoidde ay 1 < any a8pajmoust InoA
“regBnjian Yayioljgig Usipn NL Jap ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiqg v_U:#O__n__m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Kurzfassung

Die Skalierung der CMOS-Technologie steht vor fundamentalen physikalischen und
finanziellen Grenzen. Die steigende Nachfrage nach kostengiinstiger Elektronik mit
verbesserte Leistung beschleunigte die Erforschung neuer Konzepte und alternativer
Technologien, um bestehende CMOS-Lésungen zu ersetzen oder zumindest zu ergénzen.
Die Ruhezustandsverlustleistung auf Grund von Leckstromen ist zu einer bedeutenden
Herausforderung in heutigen CMOS-VLSI-Schaltungen geworden. Die Einfithrung von
Nichtfliichtigkeit in CMOS-Schaltungen ist eine vielversprechende Losung, um dieses
Problem zu bewaltigen. Speziell die aufstrebenden nichtfliichtigen Widerstandsschalt-
speicher, welche vielversprechende Kandidaten fiir zukiinftige universelle Speicher
sind, sind sehr attraktiv. Diese haben auch grofies Potenzial fiir neue Anwendun-
gen jenseits der nichtfliichtigen Speicher, da diese neue funktionale Merkmale fiir
Berechnungen sowie Messungen ermoglichen, die in konventionellen Systemen nicht
zuganglich sind.

Diese Dissertation befasst sich mit zustandsbehafteter Logik auf Bauelement-,
Schaltungs- und Architekturebene. Zustandsbehaftete Logik erlaubt die simultane
Verwendung von memristiven Bausteinen als nichtfliichtige Speicher (Flipflop) und
Recheneinheit (Gatter). Daher verwirklicht nichtfliichtige Logik in Speicherschaltun-
gen einen inharent energieverbrauchslosen Ruhezustand und eroffnet die Moglichkeit
einer Abkehr von der Von Neumann Architektur. Neben der Anwendung als Speicher
oder Logikgatter sind auch Analog- und Messapplikationen moglich. Die einzigarti-
gen Eigenschaften von memristiven Bauelementen werden fiir neuartige ladungs- und
flussbasierte Messschemata genutzt.

Auf Grund seiner unbegrenzten Zustandshaltung und Kompatibilitdt mit CMOS wird
die STT-MTJ (spin-transfer torque magnetic tunnel junction) als ein sehr vorteil-
haftes Bauteil fiir zustandsbehaftete Logik vorgeschlagen. Zusatzlich wird gezeigt, dass
diese im Gegensatz zu anderen Bauelementen (z.Bsp. Memristoren basierend auf Ti-
tandioxid) keine Zustandsdriftfehlerakkumulation wegen ihrer Bistabilitdt aufweisen.
Daraus resultierend wird die Notwendigkeit eines Auffrischungskreises in zustands-
behafteten Logikschaltkreisen eliminiert. Ein neues auf STT-MTJ-basierendes Imp-
likationslogikgatter mit einer stromgesteuerten Schaltungstopologie wird vorgeschla-
gen. Eine Zuverlassigkeitsmodellierung und eine Analyse zustandsbehafteter Logikar-
chitekturen zur Optimierung und zum Vergleich unterschiedlicher zustandsbehafteter
Logikgatter wird prasentiert. Es wird gezeigt, dass das Implikationsgatter die dem
aktuellen Stand der Technik entsprechenden Gatter beziiglich Zuverléssigkeit und En-
ergieverbrauch iibertrifft. Eine inharent strukturelle Asymmetrie des vorgeschlagenen
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Implikationslogikgatters verursacht jedoch eine signifikante Begrenzung des Fan-Out
und der Flexibilitat von Berechnungen. Dank der einfachen Integration von MTJs
oberhalb von CMOS-Schaltkreisen kann dieses Asymmetrie-Problem mittels der Ver-
wendung des Zugriffstransitors einer Ein-Transistor/Ein-MTJ-Zelle (1T/1MTJ) als
spannungsgesteuerter Widerstand elegant gelost werden. Da die 1T/1MTJ-Zelle das
Basiselement des kommerziellen STT-operierenden MRAM (magnetoresisitve random-
access memory) darstellt, kann die vorgeschlagene Implementierung auf eine zus-
tandsbehaftete STT-MRAM-Logikarchitektur erweitert werden. Die Logikarchitektur
bietet ein vollstandiges Logiksystem, weist eine simple Schaltkreisstruktur auf, de-
lokalisiert die Berechnungsexekution, adressiert das Fan-Out-Problem und eliminiert
die Notwendigkeit von Zwischenschaltkreisen. Es wird dadurch auch die parallele
Ausfiithrung von Berechnungen ermoglicht. Die Vorteile der MRAM-basierten zus-
tandsbehafteten Logik werden auf Logikfunktionsausfiihrungsebene demonstriert und
auf Schaltungsebene fiir MRAM-basierte nichtfliichtige Halb- und Volladdiererimple-
mentationen belegt.

Zuséatzlich werden in dieser Dissertationsschrift neue ladungs- und flussbasierte Mess-
schemata vorgeschlagen, in dem die einzigartige Figenschaft von memristiven Bautei-
len den applizierten Strom- und Spannungsverlauf aufzuzeichnen genutzt wird. Die
memristive Messmethode reduziert die Kapazitats-, Induktivitats- und Leistungsmes-
sung auf eine (simple) Widerstandsmessung. Unter Ausniitzung der speziellen Eigen-
schaften der Doménenwanddynamik und deren Abhangigkeit von Form und Geometrie
eines Doménenwand-Spintronik-Memristors, wird die Moglichkeit ladungsbasierter Ka-
pazitats- und flussbasierter Induktivitatsbestimmung mittels zweier unterschiedlicher
geometrischer Profile fiir Doménenwand-Spintronik-Memristoren aufgezeigt. Die mem-
ristive Messmethode ist auch fiir zeitlich variierende Induktivitaten und Kapazitaten
geeignet und zeigt daher grofies Potenzial fiir Verwendung in induktiven und kapazi-
tiven Sensoranwendungen.

i
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Abstract

The scaling of CMOS technology is facing fundamental physical and financial limita-
tions. The increasing demand for cost effective electronics with enhanced performance
has accelerated the investigation of new concepts and alternative technologies to re-
place or at least to supplement CMOS. Standby power dissipation due to leakage has
become a major challenge of today’s CMOS VLSI circuits. Introducing non-volatility
into CMOS circuits is a promising solution to overcome this issue. Especially, emerging
non-volatile resistance switching memory (memristive) devices, which are promising
candidates for future universal memory, are very attractive. They also have a great
potential to lead novel applications beyond the non-volatile memory by the possibility
to provide novel functional properties in computing as well as sensing that are not
accessible in conventional systems.

In this thesis, stateful logic systems are studied at the device, circuit, and architecture
levels. Stateful logic enables memristive devices to serve simultaneously as non-volatile
memory (latches) and computing units (gates). Therefore, it inherently realizes non-
volatile logic-in-memory circuits with zero-standby power and opens the door for a shift
away from the Von Neumann architecture. Besides memory and logic applications also
analog and sensing applications are feasible. The unique properties of the memristive
devices are exploited to introduce novel non-volatile charge- and flux-based sensing
schemes.

Because of unlimited endurance and CMOS compatibility, the spin-transfer torque
magnetic tunnel junction (STT-MTJ) is proposed as a very favorable device for state-
ful logic. In addition, it is shown that unlike other devices (e.g. memristors based on
titanium dioxide), the STT-MTJ-based logic gates do not show any state drift error
accumulation due to the magnetic bistability. As a result, the need for refreshing cir-
cuits in stateful logic circuits is eliminated. A new STT-MTJ-based implication logic
gate with a current-controlled circuit topology is proposed. Reliability modeling and
analysis of the stateful logic architectures for optimization and comparison of different
stateful logic gates are presented. It is demonstrated that the implication gate outper-
forms state-of-the-art gates in terms of reliability and energy consumption. However,
an inherent structural asymmetry of the proposed implication logic gate causes signif-
icant limitations for the non-volatile fan-out and the flexibility of the computations.
Thanks to the easy integration of MTJs on top of a CMOS circuit, an elegant so-
lution is presented to address this asymmetry issue by using the access transistors
of one-transistor/one-MTJ (1T/1IMTJ) cells as voltage-controlled resistors. Because

1l
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a 1T/IMTJ cell is the basic element of the commercialized STT-operated magne-
toresistive random-access memory (MRAM), the proposed implementation becomes
generalizable to a stateful STT-MRAM logic architecture. This logic architecture is
computationally complete, has a simple circuit structure, delocalizes computational
executions, addresses the fan-out issue, and eliminates the need for intermediate cir-
cuitry. It also enables parallel computations. Advantages of the MRAM-based stateful
logic are demonstrated at the level of logic functions executions and are proven at the
circuit level by considering MRAM-based non-volatile half adder and full adder im-
plementations.

In addition novel charge- and flux-based sensing schemes are proposed in this thesis
by using the unique ability of memristive devices to record the historic profile of
the applied current/voltage. The memristive sensing method reduces the capacitance,
inductance, and power measurements to a (simple) resistance measurement. Using the
pecularities of the domain wall dynamics depending on the shape and the geometry of
a domain wall spintronic memristor, the possibility of charge-based capacitance and
flux-based inductance sensing is demonstrated, when two different spatial shapes of
the domain wall spintronic memristors are employed. The memristive sensing method
is also suitable for measuring time-varying inductances and capacitances and thus
shows great potential for use in inductive and capacitive sensor applications.

iv
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Kurte

Bigtkkirdini téknolojiy CMOS xerike rriberriy berbestgeli binerretiy fiziki G abtri
bibét-ewe. Zédebtini dawakari bo ameére éleéktironiyekan be nirxi guncaw 1 lehatiiyly
pereped-iraw, gerran bedway ¢emkgeli niwé 1 téknolojiy cégirewey hénawete ara taki
cegey CMOS bigrinewe yan lanikem alikari bin. Heézi ledest¢u lekati “standby” da
behoy dizekirdin buwete milmilanéyeki sereki bo xulgekani CMOS-VLSIi em serdeme.
Hénani cégiryeti (non-volatility) bonaw xulgekani CMOS rrégegareyeki dillxogkere bo
zallbin beser em kése da. Betaybet, serhelldani ameérgeli birgey cégir wekli swici
bergir-binema 1 birge-bergir (memory-resistor; memristor), ke berbijérgeléki dillxogker-
in bo dahatiuy birgey gisti, zor serincrrakese. Ciya le birgey cégir, ew amérgele herweha
bellénderi kellkgeli niwén ewdis le rrégey dabinkirdini taybetmendigeli niwé le jimérkari
U herweha le hestpekirdin da ke le sistimgeli neriti da leberdest da nin.

Lem téze da, sistime mentiqiye doxhellgirekan (stateful logic systems) le astekani amér
(device), xulge (circuit) . mé ' mari (architecture) da lekollineweyan leser kirawe. Men-
tiql doxhellgir detwanét amére “memristive” ekan hawkat wekt birgey cégir (flip-flop) @
herweha yekey jimérkari (derwazey mentiqi) bekar bihénét. Kewate, be séwazéki sirtusti
mentiqi-naw-birgey cégir be hézi “zero-standby” be dest dexat i derkey dirkewtinewe
le mé'mariy “Von Neumann” dekatewe. Cige le kellkgeli mentiq i birge, herweha kel-
lkgeli “analog” 1 hestpékirdin céy hiwain. Taybetmendiye nawazekani amére “mem-
ristive” ekan bo nasandini nexse niwékani hestpékrdini barge (charge)-binema 1t légaw
(flux)-binema bekar hénrawin.

Beboney bergegirtini bésintr u tiwanayiy xoguncandin letek CMOS,; STT-MTJ (spin-
transfer torque magnetic tunnel junction) wek améréki zor pesindkiraw bo mentiqi dox-
hellgir pésniyar kirawe. Herweha, nigsan dirawe ke be pégewaney amérekani dike (bo
wéne “memristor’l “titanium dioxide”-binema), derwaze mentiqiyekani STT-MTJ-
binema, behoy seqamgirly dilayeney mugnatiki, hi¢ seryekkewtineweyeki helley gi-
wastinewey dox (state drift error) nisan naden. Kewate, késey péwisti be xulgekani
niwekirdinewe le xulge mentiqiye doxhellgirekan ¢areser dekrét. Derwazeyeki mentiqiy
“implication”1 niwe leser binemay téknolojiy STT-MTJ 1 topolojiy xulgeyi ke be tezi
kontiroll dekrén pésniyar kirawe. Modélsazly mitmanepékirawyeti i sikarly mé ' mariye
mentiqiye doxhellgirekan xirawnete bercaw bo bastirkrdin 1 hellsengandini derwazegeli
mentiqly doxhellgiri ciyawaz. Selménrawe ke derwazey “implication”i pésniyarkiraw
be péwergeli mitmanepéekirawi G lekarkirdini wize serkewtttire le bastirin derwazekani
hentiike. Bellam, nahawceéyiyeki sirtistly em derwazeye debéte hoy sintrdarkirdini
bercaw bo “fan-out”1 cégir i herweha kemkirdini sazgariy jimeérkariyekan. Xogbextane
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behoy yekxistini sakari MTJ leser xulgey CMOS, rrégecareki jirane péskes kirawe taku
kégey nahawceyeti careser bikat be bekarhénani transistor-ekani xanegeli yek transis-
tor/yek MTJ (1T/1MTJ) weku bergirék ke be volltaj kontiroll bikrét. Leber ewey ke
xaney 1T/IMTJ xigti binerretiye bo téknolojiy STT-MRAM (STT-magnetoresistive
random-access memory) ke nérdirawete bazarrily, piyadesazly pésniyarkiraw gigitgir
debét bo asti mé'marly mentiqly STT-MRAM-1 doxhellgir. Em mé'mariye men-
tigiye le rriwangey jimeérkariyewe tekmile, pekhateyeki xulgeyly sakari heye, jimérkari
le séwazi nawgeyi der dehénét, késey “fan-out” careser dekat, G péwisti be komelle
xulgey nawinci derrewénétewe. Herweha, tiwanayly jimeérkarly hawrék derrexsénét.
Qazancekani mentiql doxhellgiri MRAM-binema le asti icray nexsekani mentiq pisan
dirawe 1 le asti xulge da le rrégey lebercawgirtini piyadesaziy xulgegeli tewawkoker 1
niwkokeri cegir selménrawe.

Herweha, nexgse niwékani hestpéekirdini barge-binema 1 lésaw-binema lem téze da
pésniyar kirawin ewis le rrégey bekarhénani tiwanayly nawazey ameéri “memristive”
lebo tomarkrdini simay méjliyly tezt u volltaj. Séwazi hestpékirdini “memristive”
péwerekani bargegirl, handeri, G héz kem dekatewe ta asti péweréki bergirly sade. Be
bekarhénani taybetmendiyekani cimucilli diwarli pawan ke bestirawetewe be sikll 0
hendesey “memristor”1 spintironic, tiwanayiy hestpékirdini bargegirly barge-binema
handerily léesaw-binema pisan dedré, ewis le katek da ke di siklli ciyawazl “memristor”1
spintironic bekar dehénrén. Séwazl hestpekirdini “memristive” herweha bo péwani
handeri 0 bargegirly bigorr-bepéy-kat siyawe 1 kewate 1ehatuyiyeki mezin pisan dedat
bo sazkirdini hestpékeri “memristive”i hander-binema (inductive) u bargegir-binema
(capacitive).

vi
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1. Introduction

1.1. Motivation

The exponential growth of the semiconductor industry has successfully proceeded for
about four decades supported by continued improvement of complementary metal-
oxide-semiconductor (CMOS) technology. For the next several years, there will be no
apparent substitutes for the CMOS technology and its future development is already
charted by the International Technology Roadmap for Semiconductors (ITRS) [1].
However, fundamental physical and economic limitations [2-4] such as leakage, high
power densities, process variability, and soaring costs will bring the scaling of CMOS
devices to an end. Therefore, besides exploring and introducing new materials, device
structures, and design technologies, investigating possible alternative technologies to
replace or at least to supplement CMOS is important to proceed with the perfor-
mance enhancement of logic devices and circuits [5-15]. Right now there are many
different devices under investigation with widely varying performance parameters e.g.
energy, speed, area, et cetera. Spintronic devices [16-29] especially magnetoresistive
devices [30,31] with a tunnel barrier junction structure [32], are strong candidates due
to their non-volatility and compatibility with CMOS technology [33-40].

Despite the advantages of high speed and unlimited endurance, the first generation
of magnetic tunnel junctions (MTJs) [41-43], which utilized Oersted fields for the
magnetization switching, was unfavorable in terms of scalability and energy consump-
tion. By using the spin-transfer torque [44,45] switching technique [46,47], the second
generation of the MTJ (STT-MTJ) [48-50] eliminates the need for current lines adja-
cent to memory cells, which were required previously for generating a switching field.
Thus, by using the same interconnects for reading and writing operations, the STT-
MTJ is more scalable and yields smaller switching energies [22,23]. Magnetoresistive
random-access memory (MRAM) with STT-MTJs as memory elements combines the
speed of static RAMs (SRAMs), the density of dynamic RAMs (DRAMs), the non-
volatility of flash memory, and has all the characteristics of a universal memory [39].
STT-MTJ technology is also attractive for building logic configurations which combine
non-volatile memories and logic circuits (so-called logic-in-memory architecture [51])
to overcome scaling obstacles of CMOS logics [37,52-60]. Furthermore, STT-operated
spintronic devices realize memristive behavior [61-68].

The memristor (memory-resistor) is the fourth fundamental circuit element predicted
from a symmetry argument of circuit theory in 1971 [69]. However, its first physical
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realization, in titanium dioxide (TiO,), was announced about four decades later [70].
It can be thought as a passive programmable resistor. It holds a resistance state that
depends on the history of the applied voltage/current even when the power is off.
Memristive devices and systems [71-73] are capable of storing and processing infor-
mation and offer unique properties which cannot be achieved in conventional elec-
tronic circuits by combining resistors, capacitors, and inductors. The most obvious
application of memristive devices is non-volatile memory. Their great potential has
attracted significant attention for developing alternative logic architectures [74-83].
In addition, memristive devices can be used as artificial synapses for neuromorphic
applications [84-91]. As a basic element added to the circuit theory [92], memris-
tors are also potentially suited for a wide range of tasks including analogue-to-digital
and digital-to-analogue converters [93], electronic filters [94], temperature [95,96] and
power [97] sensors, oscillators [98], signal processing [99], differential [100] and pro-
grammable [101] analog circuits, and control systems [102,103].

1.2. Scope of the Thesis

Recently, it has been shown that a fundamental Boolean logic operation called ma-
terial implication (IMP) is naturally realized using TiOy memristive switches to en-
able stateful logic by using memristive devices simultaneously as latches and logic
gates [76]. Stateful logic inherently provides a non-volatile logic-in-memory architec-
ture with zero-standby power and is free from the leakage power issue. It also allows
to shorten the interconnection delay by eliminating the need for intermediate sense
amplifiers as well as the data transfer between separate memory and logic units and,
by that, to lift a prerequisite of the Von Neumann computing architecture. In this
thesis, implication logic gates are studied and optimized using an accurate nonlinear
memristive device switching model. It is shown that due to error accumulation in TiO,
memristive devices, spintronic devices are preferable to build up stateful logic circuits,
as they do not show error accumulation and exhibit almost unlimited endurance.

A novel spintronic stateful logic gate is proposed, which stores the result of the im-
plication logic operation directly into the memory devices. This thesis covers several
issues regarding device, circuit, and architecture levels of the proposed logic frame-
work. Special emphasis is put on the performance analyses of stateful logic devices
and circuits and it is shown that the reliability is an essential prerequisite of stateful
logic systems. Furthermore, it is demonstrated that the presented logic gate, which
enables an implication logic framework, significantly improves the reliability compared
to similar circuits available from literature, which are based on reprogrammable archi-
tectures to realize conventional Boolean logic operations including AND, OR, NAND,
and NOR operations.

Due to an easy integration of MTJs on top of a CMOS circuit plane, hybrid CMOS/MT\J
circuits are used to facilitate the generalization of the proposed logic gates to large-
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scale non-volatile logic circuits. An innovative idea to utilize the access transistors of
the one-transistor/one-MTJ (1T/1IMTJ) cells not only as on-off switches but also as
voltage-controlled resistors, is presented to address an asymmetry issue in the impli-
cation logic gates and to extend the functionality of the STT-MRAM architectures to
perform logic operations with no extra hardware added. It is shown that the STT-
MRAM-based logic provides non-volatile logic fan-out and exhibits high flexibility
with regard to the delocalized computations execution, and eliminates the need for in-
termediate circuitry. It also enables parallel non-volatile computations and, therefore,
it is suited for implementing complex logic functions. Advantages of the MRAM-based
stateful logic are demonstrated by considering the STT-MRAM-based implication of
the fundamental arithmetic functions. Through design examples like a stateful full
adder, the possible tradeoffs to optimize the execution time, the energy consumption,
and the reliability of the MRAM-based stateful logic architectures are also investi-
gated.

The last part of the thesis describes novel charge- and flux-based sensing schemes
utilizing the unique property of memristors to memorize the historic profile of the
applied current/voltage. The device history can be revealed instantaneously by mea-
suring its varying resistance (memristance). The proposed method, which is indepen-
dent of the memristor material, can be used for capacitance, inductance, and power
measurements. Although inductance and capacitance sensing are far from being new
problems, the use of a memristor reduces the measurement to a straightforward resis-
tance measurement. Depending on the sensing application, particular characteristics
of the memristor are exploited. In order to have the possibility of both charge- and
flux-based sensing, we suggest spintronic memristors which exhibit rich geometry de-
pendent behavior with regard to the dynamic properties of a propagating magnetic
domain wall in a magnetic device. The memristive sensing method is also suited for
measuring time-varying inductances and capacitances and has the potential to be used
in novel inductive and capacitive sensors.

1.3. Thesis Outline

The thesis is organized as follows. Chapter 2 reviews the background knowledge on
memristive devices and systems. TiOs-based stateful logic gates are studied in Chap-
ter 3. Chapter 4 concentrates on spintronic stateful logic devices and circuits. A new
improved implication logic gate is proposed, analyzed, and compared to the exist-
ing logic gates. Its generalization for large-scale logic application and parallelization
for high performance computing is described in Chapter 5. Chapter 6 describes new
memristive sensing schemes and explains how spintronic memristors can be used for
coincident charge- and flux-based sensing. Finally, Chapter 7 concludes the thesis
with a brief summary and an an outlook to possible future development.
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2. Fundamentals of Memristive
Devices and Systems

2.1. Theory

2.1.1. Memristor: The Fourth Element

The four fundamental circuit variables are electric current i, voltage v, charge ¢, and
flux ¢, where ¢ and ¢ are defined as the time integrals of i and v, respectively [72].

q(t) ::/ i(T) dr, (2.1)

o(t) ::/ v(T) dr. (2.2)

The three conventional two-terminal basic circuit elements resistor, capacitor, and
inductor are defined in terms of the constitutive relationships between two of these
four variables as [69]

R = dv/di, (2.3)
C =dq/dv, (2.4)
L =dy/di. (2.5)

R, C, and L are the resistance, capacitance, and inductance, respectively. Eq. 2.1-
Eq. 2.5 express five from six possible relations between the fundamental circuit vari-
ables (Fig. 2.1). For the sake of completeness, Leon Chua postulated the existence
of a fourth fundamental two-terminal circuit element called memristor (memory resis-
tor) [69] characterized by a constitutive relationship between ¢ and ¢ in which ¢ and
¢ are not necessarily accessible to any physical interpretation [72]. The constitutive
relation of charge-controlled and flux-controlled memristors are obtained as Eq. 2.6
and Eq. 2.7, respectively [72].
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Figure 2.1.: Chua’s symmetry argument.

v = v(q) (2.6)

q=q(p) (2.7)

By taking the time derivatives we obtain

e R 29)
e dq _ dq(p) dy
at T dp di ()— (2.9)
where
M(q)=d(§—;q) (2.10)
and dq()
W(w)=W (2.11)

are the memristance and the memductance of the memristors as a function of ¢ and
@, respectively. M(q) and W(yp) have the units of Ohms (£2) and Siemens (S) as
according to the definitions (Eq. 2.1 and Eq. 2.2) we have dq/dt = i and dp/dt = v
and thus we can simplify Eq. 2.8 and Eq. 2.9 to Eq. 2.12 and Eq. 2.13, respectively.

v= M(q)i (2.12)
i=W(p) (2.13)
5
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In fact, a charge (flux)-controlled memristor is characterized by a ¢ — ¢ curve and
its memristance (memductance) at ¢ (¢) is equal to the slope of the curve ¢ = p(q)
(¢ = q(g)). A device with dM(q)/dq = 0 (dW(p)/dq = 0) is just a linear resistor
(conductor), while if dM (q)/dq # 0 (dW (y)/dq # 0) the device operates like a variable
resistor (conductor) and exhibits memristive behavior. In Chapter 6 we will see that
memristors with dM (q)/dgq = const. (dW (y)/dq = const.) are suited for a new charge
(flux)-based memristive sensing scheme.

The memristor acts as a programmable resistor since its electrical resistance depends
on the time integral of the applied current/voltage. Ideally, when the power is turned
off (i = v =0), the memristor preserves its resistance forever, as the values of ¢ and ¢
are left unchanged [72]. Therefore, it records the historic profile of the applied current
or voltage in the memristance/memductance which can be revealed instantaneously
by measuring its electrical resistance. This is a unique property of memristors which
cannot be realized by electric circuits combining resistors, capacitors, and inductors.
The most straightforward application of a memristor is non-volatile memory either as
an analog (continuously tunable or multilevel) memory or as a digital switch, depend-
ing on the physical operating mechanisms of the resistance switching in the memristive
device. In general, one can say a memristor operates as an analog device in a low-
voltage regime, while under large voltages it operates as a digital switch between two
states, characterized by low and high resistances corresponding to the minimum and
the maximum achievable resistance values limited by the physical properties of the
device.

Since the memristor is a passive device, its current-voltage characteristic exhibits a
hysteresis loop pinched at the origin and confined to the first and the third quad-
rants [72]. In fact, when the current (voltage) applied to the memristor goes to zero at
t = to, the memristor acts as an ordinary resistor (conductor) with a finite resistance
R = M, (conductance G = Wjy) and thus the voltage (current) of the memristor goes
to zero as well. Therefore, the i — v curve passes through the origin and pinches the
memristor hysteresis loop. It is clear that the ¢ — v characteristics of any nonlinear
resistor (e.g. memristor) cannot be a straight line that passes through the origin,
otherwise it is a linear resistor. Four decades after Chua’s seminal paper ( [69]) on
memristor, he recently has shown that all forms of two-terminal non-volatile memories
based on resistance switching can be classified as memristor since they demonstrate
memristor fingerprint characterized as a pinched ¢ — v hysteresis loop [72, 73].

2.1.2. Memristive Systems

The definition of a memristor can be extended to a (passive two-terminal) memristive
system [71] described by two coupled equations as

v = R(w,1) i, (2.14)
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called State-dependent Ohm’s law [72] and

C;—qf = f(w,1), (2.15)
called State equation [72], where v is the voltage across the device, R represents the
generalized (nonlinear) resistance of the device, w denotes a state variable which can
be a vector w = (wy, ws, ..., wy,), i is the current through the device, and f expresses
the functional dependence of dw/dt on w and i. The ¢ — v curve passes through the
origin (v,i) = (0,0) as R(w,0) # oo [72]. As we will see later, the state variable w can
describe physically reasonable device parameters and thus this general definition of
a memristive system can be successfully utilized to model various memristive devices
with different operating mechanisms.

2.2. Physical Implementation

Physical demonstration of the memristor was missed for decades. However, as Chua
showed recently, regardless the device material and switching mechanism, any resis-
tance switching phenomenon depicts a memristive behavior [72,73]. This phenomenon
was observed in titanium dioxide (TiOs) [104] even before Chua’s envision in 1971.
Nevertheless, it revived interests in memristor development only after Hewlett Packard
Laboratories announced the first memristor array fabricated in 2008 [70] based on
a Pt/TiOy/Pt thin-film structure. Moreover, it has been shown that due to ionic
motion in metal/oxide/metal thin-film stacks, including both anion-based [105-108]
and cation-based [109-114] switching materials, these structures exhibit resistance
switching and thus demonstrate memristive behavior forming an important class of
memristive devices [82,115].

The electrons spin degree of freedom allows for realization of a memristive behavior
when the spin-transfer torque effect is employed to change the resistance state of a
spintronic device. After the first announcement of the memristor based on TiOy thin-
films, the spin-based memristor has drawn a lot of attention as it ensures a more
convenient control of the resistive state, than the ionic transport, especially at the
nanoscale. Therefore, several spintronic memristive devices [61-68,116,117] have been
proposed and explored.

Furthermore, there have been several reports of providing memristive behavior by
using new internal state variables based on other phenomena and technologies like
insulator-to-metal phase transition [118], phase change memory [119], piezoelectric
effect [120], chemical immobilization of ferritin molecules [121], defect-scattering in
a single-walled carbon nanotube [122], nickel titanium smart alloy [123,124], Graetz
bridge loaded with an RLC filter [125], thickening/thinning of Ag nanofilaments in
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amorphous manganite thin-films [126], nanoscale plasmonic [127], multi-terminal sili-
con nanowires [128], and volatile resistive switching effect at a prototypical Schottky
metal/oxide interface [129].

2.3. Memristive Device Modeling

Beside the extensive efforts for physical implementation of resistance switching and
memristive devices, significant progress has also been made regarding the model-
ing [88,130-144] as well as better understanding of the working principles and im-
proving the performance [145-159] of the memristive devices. However, most of the
presented memristor models rely on a linear ionic drift model for TiO; memristive
devices suggested in [70] which is not adequately accurate, especially in high voltage
switching regimes, and can be used only for limited applications as will be shown in
Chapter 3. In [139] a more detailed but quite complicated and computationally ex-
pensive physical model based on the Simmons tunneling barriers [160] is presented.
It takes into account the asymmetric switching behavior as well as the nonlinearities
observed in TiOy memristive devices [148-150]. To my best knowledge, this nonlin-
ear ionic drift model [139] (its SPICE implementation is presented in [140]) is up to
now the most accurate model for the TiOy memristive devices. More computationally
effective and simpler models including nonlinearities of memristive devices as well as
additional physical operating mechanisms for different types of memristive devices,
have been presented in [141-144] based on voltage/current thresholds.
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3. TiOy-Based Memristive Stateful
Logic Gates

3.1. Overview

At present, the most commonly used logic circuits consist of memory units for data
storage and separated logic units for holding data and performing arithmetic and logi-
cal operations, which are typically implemented based on CMOS technology (Fig. 3.1).
These CMOS-based logic circuits retain information as long as power is applied (volatil-
ity) and any power supply interruption can cause loss of information. As the dimen-
sions of the CMOS transistors shrink down the leakage currents increase. As a result,
the continuously powered memory units cause large static (standby) power consump-
tions in CMOS-based logic circuits. In fact, they have become as large as the dynamic
power consumption [3]. Furthermore, the increasing length of the interconnections
between logic and memory limits the chip performance and results in the increment
of both power and interconnection delay.

As one of the solutions of the above-described problems, non-volatility has been in-
troduced to the logic circuit. Non-volatile elements retain the information and the
logical state of the system is not lost, if the power supply is interrupted. In addition,
distributing non-volatile memory elements over the CMOS logic circuit plane (logic-in-
memory architecture [51]) combines logic and memory elements and allows extremely

Figure 3.1.: Separated logic and memory units in a two-dimensional CMOS logic
system.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.
The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

\UARY) Your knowledge hub

W Sibliothek,

low standby power consumption as well as instant start-up, by holding the information
in the non-volatile elements and eliminating the need for refreshing pulses which are
critical for CMOS-based memory elements. In addition, the use of non-volatile mem-
ory devices for novel computational architectures enables the application of the same
elements as latches and logic gates, called stateful logic [76]. Stateful logic inherently
realizes logic-in-memory circuits with zero-standby power, extends non-volatile elec-
tronics from memory to logic applications, and allows to shorten the interconnection
delay. This opens the door for innovation in computational paradigms by shifting
away from the Von Neumann architecture which transfers the information back and
forth between the separated memory and logic units [26,56,57,59,60, 76].

3.2. Implication Logic

Recently, it has been shown that a fundamental Boolean logic operation called material
implication (IMP) is naturally realized in a simple circuit (Fig. 3.2) combining a
conventional resistor and two TiO2 memristive switches [76,77]. This provides stateful
logic where non-volatile memory devices are used as the computing elements.

Material implication (IMP) is a fundamental two-input (e.g. s and t) Boolean logic
operation (s — t), which reads ‘s implies ¢’ or ‘if s, then #’; and is equivalent to
‘(NOT s) OR t’ (5 +t) as shown in Table 3.1. The symbols s and ¢ are chosen as
they represent the logic states of a source (S) and a target (T) memory element in
the stateful logic gate. The operations IMP and NIMP (negated IMP) form a com-
putationally complete logic basis in combination with any operation from the sets C
and C', respectively, for which C = {NOT, FALSE, XOR, NIMP} and C' = {NOT,
TRUE, XNOR, IMP} and are therefore able to compute arbitrary Boolean func-
tions.

|V COND |VSET
Pt Electrod Pt Electrod
Ti0, Wi TiO, [’
Source (5) | | Targe 0
Pt Elcetrod Pt Elcetrod
is Ve it
R¢

Figure 3.2.: Circuit topology of the TiO, memristive implication logic gate.

10



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Table 3.1.: Truth tables of the basic implication operations, IMP and NIMP (negated

IMP).
State | s t| s—t|t—s
1 0 0 1 0
2 0 1 1 1
3 1 0 0 0
4 1 1 1 0

Besides the AND, OR, and NOT operations, the IMP operation has been classified by
Whitehead and Russell as one of the four basic logic operations in 1910 [161]. How-
ever, by modeling Boolean logic with circuits built with relays and switches, Shannon
founded modern digital electronics [162] only based on AND, OR, and NOT opera-
tions due to their straightforward implementation. Since then, the IMP operation has
been ignored in digital electronics. Only recently, it was demonstrated that memristive
switches intrinsically enable the IMP operation in a crossbar array [76].

Fig. 3.2 shows the circuit topology of the TiO, memristive implication logic gate [76]
combining two TiO, memristors, S and T, with a conventional resistor Rg. The initial
resistance states of the source (S) and target (T) memristors (denoted by the logic
variable s and ¢, respectively) are the logic inputs of the gate. The final resistance
state of T after performing the logic operation (') is the logic output of the gate.
Performing the logic operation (' = s — t) involves simultaneous application of two
negative voltage pulses, Vsgr and Veonp, to the non-common terminals of S and T.
Vconp is a negative voltage with smaller amplitude than Vsgr (|Vser| > |[Vconnl)-

Table 3.2.: Realized conditional switching behavior is equivalent to the operation IMP
or NIMP depending on the definitions for the high and low resistance states
(HRS and LRS) as logical ‘0" and ‘1’.

Implication operation HRS=0, LRS=1 | HRS=1, LRS=0
(conditional switching) f=s—1 t=t—s
State S t g s t 4 s t 4
1 HRS HRS|HRS LRS |0 O 1 1 1 0
2 HRS LRS | HRS LRS |0 1 1 1 0 0
3 LRS HRS | LRS HRS |1 0 0 0 1 1
4 LRS LRS | LRS LRS |1 1 1 0 0 0

11
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Therefore, the voltage drop on S is smaller than Von (the voltage level required
for memristor high-to-low resistance switching) and it remains unchanged after the
operation for any input patterns. However, depending on the resistance state of S,
the voltage Vconp changes the voltage level on the common terminal of S and T
(V@) and modulates the voltage drop on the target memristor T. This provides a
conditional switching behavior in T, which is shown in Table 3.2. In fact, the negative
voltage pulse Vggr enforces a high-to-low resistance switching of T only, when both
memristors are initially in the high resistance state (State 1). The voltage Vggr has a
higher amplitude compared to Von as it must compensate the voltage drop on R.

According to Table 3.2, depending on the logical definitions for the memristor low
(LRS) and high (HRS) resistance states, LRS = logic ‘1’ and HRS = logic ‘0’ or
vice-versa, the realized conditional switching behavior is corresponding to the IMP
or NIMP (negated IMP) operation (Table 3.1). In accordance with the convention of
Shannon, if we define HRS = 1 and LRS = 0, the logic output of the implication gate
corresponds to the NIMP operation as

{t'! =t NIMP s} =t - s={t' =t.s=1t AND 5}, (3.1)

where t’ is the final state of the variable ¢t after the operation. In combination with the
low-to-high resistance switching, which corresponds to the TRUE operation (writing
logic ‘17) according to the above definition, the NIMP operation forms a complete logic
basis to compute any Boolean function. Therefore, it enables stateful logic operations
by memristive devices used simultaneously as non-volatile memory and logic gates [76].
For instance, stateful universal NOR and NAND operations can be performed in three
and five sequential steps as Eq. 3.2 and Eq. 3.3, respectively.

Step 1 (TRUE) : a=1

Step 2 (NIMP) : a—b
Step 3 (NIMP) : a—c

@\
I
e o
al
|

[l
—~
@\
I
¢ >
I
SRR
—

Z=b+c=bNOR ¢} (3.2)

Step 1 (TRUE) : a=1

Step 2 (NIMP) : a—b={d =ab=>b}

Step 3 (NIMP) : coa={d =ca=cb}

Step 4 (TRUE) : a=1

Step 5 (NIMP): @ —¢={d =a.c=cb=0bNAND ¢} (3.3)

Here, a (a’) represents the initial (final) logic variable equivalent to the resistance
state of a third memristor storing the logic result of intermediary logic steps and the
final result of stateful NAND and NOR operations. It should be noted that each logic
variable (e.g. a) used as an input in Step i is equal to the final logic value (a’) from the
previous step (Step ¢ — 1) since it has been directly stored in a non-volatile memory
element (A).

12



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.3. Modeling

As explained before, by applying the voltage pulses Vggr and Veonp, a (desired) high-
to-low resistance switching (shown in bold in Table 3.2) is enforced in T only in State 1.
However, the current flowing through the memristors tends to decrease their electrical
resistances and change the internal state variable w. This phenomenon is called “state
drift” (SD) [163] and its accumulation after a specific number of sequential (N)IMP
operations causes an undesired switching event (computation error) either in S or T.
This is due to the fact that, although the TiO, memristive switches are used as two-
resistance-state devices for binary data storage, they actually act as analog elements
since the parameter w changes continuously [143]. The design procedure of the IMP
gate involves determining the proper values of the circuit parameters (Rg, Vsgpr and
Vconp) to minimize the SD errors (SDEs). The design procedure presented in [163],
which is the only existing design procedure to the author’s knowledge, is based on a
linear ionic drift model for the TiO, memristive devices described below. However, as
it is shown in the following, a more accurate model of the TiOs memristive device has
to be employed to analysis and optimize the stateful logic gates.

According to Fig. 3.2, the voltage drops on S and T are given by

Vg = VCOND — VG = ’isMS (34&)

VT = VSET — VG = ’iTMT, (34b)
where

Vo = (is + iT)Rg. (35)

Vi denotes the voltage drop on Rg and is (it) and Mg (Mr) are the current and
the memristances of the memristive devices S (T), respectively. As, in general, the
memristance is a nonlinear resistance which depends on the historic profile of the
current (voltage) applied to the memristor, Mg and My are a function of ig (vs) and
it (vr) as well as their initial resistance states (the logic input pattern). Therefore, in
order to optimize the implication gate and to investigate the switching behavior of S
and T, one has to solve Eq. 3.4 coupled with an appropriate memristor device model
which accurately describes the ¢ — v characteristics of S and T. In the following, two
TiO9 memristor device models and simulation studies obtained from these models are
presented.

Fig. 3.3 shows a schematic of the TiOs memristor structure containing a sandwiched
TiOy thin film and two platinum (Pt) electrodes. During an electroforming process,
as dopant acting oxygen vacancies are created in the TiO, thin-film except a narrow
tunnel barrier of w [139]. Therefore, the thin film is divided into a (high conducting)
doped region and an (insulating) undoped region and its total resistance (internal
resistance) is equal to the sum of the variable resistances on each region:

Rint - Rdoped + Rundoped (36)

13
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The resistance switching mechanism of the device is related to the drift motion of
dopants (oxygen vacancies) due to an electric field across the device [115]. Therefore,
this device shows memristive behavior as the width of the undoped region (w in
Fig. 3.3) and thus the total electrical resistance of the device depends on the historic
profile of the applied voltage/current to the device. According to the mathematical
definition of a memristive system (Eq. 2.14), w is an internal state variable which here
describes the effective width of the undoped region and determines the resistance state
of the memristive device.

3.3.1. Linear lonic Drift Memristive Model

Based on Eq. 2.14 and Eq. 2.15, a simple linear ionic drift model [70] describes the
internal resistance as

Rint - ?Roﬁ' + (1 — M) Ron (37)
and
dw  pyRoq

T w i(t), (3.8)
where R.g and R,, are the maximum and the minimum resistances, respectively, Wmyax
denotes the maximum thickness of the undoped region, and p, is the average mobility
of the oxygen vacancies in the TiO, thin-film. According to the linear ionic drift model,
by time-integrating the state equation (Eq. 3.8), we obtain that the modulation of the
state variable w is proportional to the charge passing through the device (Aw o Agq).

In order to compare the switching dynamic behavior (including the switching time and
the switching energy) predicted by the linear ionic model with some recently obtained
experimental data, let’s define A() as the amount of charge that by passing through
the memristor modulates the memristance from its minimum to its maximum value
(AW = Wpay). A voltage pulse with a fixed amplitude of vy and the duration of 7y is
applied to the memristor to perform an on-to-off (OFF) switching.

Pt Electrod
W)

TiO,

Pt Electrod

|

Figure 3.3.: Schematic of the TiO, memristive device cross section.
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AQ = /0 Cit)dt = /O i Ri::?w)dt, (3.9)

where according to Eq. 3.8 we have

wmax
(t)dt = dw. 3.10
i)t = gy (3.10)
Therefore, AQ is obtained as
s [ e gy o
fry w = . .
0 PJVRon PJVRon

According to Eq. 3.11, derived from the linear ionic drift model, AQ) has a constant
value and is independent of the vy and 7. Therefore, it predicts that the switching time
is inversely proportional to the voltage pulse amplitude (75 oc vy '). Indeed, according
to the State-dependent Ohm’s law for a memristive system (Eq. 2.14), at a time ¢
(0 <ty < 79) where the electrical resistance of the memristor is Ry (Ron < Ry < Rog),
the rate of the charge flow (i) is directly proportional to the voltage pulse amplitude
(vo). As a result, the amount of charge flowing through the memristor is proportional
to the product of the voltage level and the time (Ag o vyAt) and thus we have
AQ x vy71y. As according to the memristor linear ionic drift model AQ is a constant,
the switching time required for a complete switching from R, to R.g must be inversely
proportional to the pulse amplitude (7o oc vy ').

The OFF-switching energy consumption is also obtained as function of AQ by
70
gswitch = / UOZ(t)dt = UOAQ- (312)
0

This predicts an inverse relationship between the switching energy and the switching
time as Egiten o Vo < 7, . However, these predictions regarding the switching dy-
namic behavior (75 o< vy Land Eayiten X 75 ) are quite inconsistent with experimental
data which demonstrate an inverse log-linear relationship between the switching time
and the voltage pulse amplitude as 79 o< exp(—wvg) [150] and a direct log-log relation-
ship between the switching energy and the switching time as log(Eswiten) o log(7o) [76].
The main reason is that the switching dynamic behavior is significantly affected by the
electron tunneling effect through the insulating region which exponentially decrease
the total electrical resistance of the TiOy memristor device during the switching [139].
Therefore, although the linear ionic drift model has been used to simulate the elec-
trical properties of the memristor for different applications [88,130-135], in a high
voltage regime, however, the tunneling effect dominates the memristor ¢ — v charac-
teristics. For the sake of (acceptable) fast switching, the applied voltage levels in logic
applications are so high that the memristive devices act as digital switches with two
resistance states of R,, and R.z. As a result, it is necessary to use a more accurate

15
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model for digital (logic) applications. The switching dynamic behavior obtained from
the nonlinear ionic drift model [139] explained below, shows a good agreement with
experimental data. For example, this model predicts a direct log-log relationship be-
tween the switching energy and the switching time (log(Eswiten) o log(7p)) for both
micro-scale (5 x 5 pum?) and nano-scale (50 x 50 nm?) TiOy memristive devices (see
Fig. S7 in Supplementary Information of [139]).

3.3.2. Nonlinear lonic Drift Memristive Model

To the author’s best knowledge, the nonlinear ionic drift model presented in [139],
which uses the Simmons ¢ — v expression for the insulating region as a rectangular
barrier with image forces [160], is up to now the most accurate model for the TiO,
memristive devices. By using physically reasonable parameters, it properly describes
both the static electric conduction as well as the switching dynamic behaviors and
provides a good fit to the experimental data from micro-scale and nano-scale TiO,
memristive devices which exhibit switching behaviors effectively insensitive to the
device size [139].

According to this model, the voltage across the thin-film is given by
Vint = iRdoped + Vg (313)

where v, is the voltage across the insulating region which acts as a tunneling barrier
and ¢ is the current flowing through the device and its functional form is determined

by [139] |
= 29 eCBVE) (g 4 efug) o(BVEFII) | (3.14)

Aw?

The quantities from Eq. 3.14 are given by [139]

e

jo = %, Aw = Wy — Wi, (315)
1.2 w 9.2\
= = 1— 3.16
e?ln(2)
= 1
S8mkeqw’ (3.17)
AT Awy/2
p = r2Uvem (3.18)
h
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(3.19)

wy +we  1.15\w wa(w — wy)
= — — 1
b1 = g0 = efug w Aw <w1(w —wy) )’

where A describes the insulating region area, e is the electron charge, h is Planck’s
constant, ¢q is the barrier height, k is the dielectric constant, and m is the electron
mass. The modulation of the effective insulating region width w with respect to the
device current has been expressed

for i > 0 (OFF switching):

dw = fort sinh <L> exp [—eXp (w — ’ib') — ﬂ] (3.20)

dt ZQH wC wC
with the fitting parameters fog = 3.5+1 um/s, iog = 11544 pA, asg = 1.20+£0.02 nm,
b= 500490 pA, and w, = 107 £ 4 pm;
and

for i < 0 (ON switching):

dw : i W— Gon 1] w
= = fon sinh (Zo_n) exp [—exp ( P 3> — w—C] (3.21)

with the fitting parameters fo, = 40 £ 10 pm/s, io, = 8.9 0.3 pA, ao, = 1.80 £
0.01 nm, b = 500 + 90 pA, and w, = 107 + 3 pm for physical TiOs memristive
devices characterized in [139]. The model fits the experimental data using the device
parameters determined as ¢y = 0.95 + 0.03 eV, A = 10* £ 2500 nm?, k = 5+ 1,
Raopea = 2152 [139].

The total resistance of the device (memristance) is equal to

Vo v
Rtotal - Tt - Rint + RPt = Rdoped + % + RPt (322)
where v, is the applied voltage on the memristor, ¢ is the current flowing through
the device, and Rpy = 2.4kQ) accounts for the Pt electrodes resistance [140].

This model properly describes the nonlinear switching dynamics arising from the ionic
motion which modulates the effective width of the insulating region (Eq. 3.20 and
Eq. 3.21) as well as the electron tunneling effect through the insulating region which
is a function of the width of the insulating region and the applied voltage/current
(Eq. 3.14). Eq. 3.20 and Eq. 3.21 successfully model the nonlinear drift velocity
of ionized dopants [139] featuring an exponential dependence on the applied cur-
rent/voltage [149] and the asymmetric switching behavior [139] caused by the volt-
age polarity dependent competitive or cooperative behavior of ionic drift and diffu-
sion [148].
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Fig. 3.4a shows the initial memristances (before any modulation in w) for different
values of w as a function of the applied voltage. It illustrates that the instantaneous
value of the memristance exponentially decreases with respect to the applied volt-
age during the switching. In fact, the electrical resistance of the device depends on
the applied voltage. Therefore, low-voltage measurements are used to readout the
memristance [76], which not only allows us to provide non-destructive reads but also
reduces the tunneling effect. Due to the coupling between Eq. 3.14 and Eq. 3.22, the
memristance needs to be calculated numerically. Fig. 3.4b shows the memristance as
a function of w when a readout voltage of 0.2 V is applied to the device. It illustrates
that a sub-nanometer modulation in the insulating region effective width provides a
kQ — MS2 readout ON-OFF-switching regime [139].

Fig.3.5 shows the dependence of the memristance during ON (high-to-low resistance)
switching as it follows from the linear and nonlinear ionic drift models. Due to a
high voltage level applied (V' = 1.5V), the tunneling effect trough the insulating un-
doped region dominates the memristor ¢ — v characteristics [139]. Therefore, during
the switching, the total resistance is even lower than R,,, in contrast to the behav-
ior predicted by the linear model according to Eq. 3.7. From Fig.3.5 one can see
that the TiO; component announced by Hewlett Packard (HP) in 2008 [70], at least
at high voltage regimes, is rather a memristive system [71] than a memristor as its
electrical resistance at a time is not only a function of historic profile of the applied
voltage/current but also of the instantaneous value of the applied voltage/current due
to electron tunneling. Furthermore, Fig. 3.5 demonstrates that when the linear model
to obtain the i — v characteristics of S and T, the voltage drops vs and vr (Eq. 3.4)
will be wrongly predicted and the implication gate optimization will not be reliable.

~
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w=1.9nm (b)
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Figure 3.4.: (a) M —V characteristics of the TiO, memristor for different values of w.
(b) M — w characteristics plotted for a readout voltage of 0.2 V.
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Figure 3.5.: Memristance profile of the TiO2 memristive device during a high-to-low
resistance switching according to the linear and nonlinear models.

Memristance (kQ)

The linear model can be useful only in analysis and design of low voltage applications
(—0.5V < vm < 0.5V) where the tunneling is negligible.

3.4. Simulation Results

In order to analyze the TiOy-based memristive circuit (Fig. 3.2), the nonlinear model
is used for each TiOy memristive switch and thus, coupled with the equation Eq. 3.4,
Eq. 3.13-Eq. 3.22 are numerically solved for both S and T. Fig. 3.6 shows the mod-
ulation of the tunnel barrier widths ws and wr during the implication operation for
all possible input patterns (State 1-State 4) described in Table 3.2. It illustrates that
for pulse durations between 1-10 ms, only in State 1, the target memristor (T) is
switched and in all other cases both S and T are left unchanged. Accordingly, cor-
rect logic behavior is achieved for all input states and the logic result is stored as the
final resistance state of T. Here, the initial tunnel barriers are w,g = 1.86 nm and
Wen = 1.43 nm which are equivalent to M,g = 1MS2 and M, = 20k() at the readout
voltage of 0.2 V (Fig. 3.4). The circuit parameters Rg = 4.41 kQ, Vggr = —2.28 V|
and Veonp = —2.14 V are optimized to minimize the SDE as is explained below.

According to Fig. 3.6, the dominant SDs occur in State 1 (Fig. 3.6a) in T (SDp; =
Wt — W) and in State 3 (Fig. 3.6¢) in T (SDts = weg — wr). Therefore, maximizing
the modulation of the voltage V; between State 3 and State 1 (AVg = |Vas — Vail)
minimizes the possible SDEs in T. Fig. 3.7 shows AV as a function of Rg for different
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values of Vg ¢ where

Vic = . (3.23)

As follows from Fig. 3.7, the optimum Rg corresponds to the maximum AV which
maximizes the modulation of the voltage drop on T between State 3 and State 1 and
thus minimizes the SDEs in T shown in Fig. 3.6. Therefore, it is uniquely defined by
the memristor’s properties, Vsgr and Veonp. By using Fig. 3.7, an optimum Rg is
obtained for each value of V5 and then one can optimize Vg ¢ to minimize the gate
error (Fig. 3.8).

In fact, the voltage modulation AVq increases with increased Vconp and minimizes
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Figure 3.6.: Modulation of wg and wr during the logic operation for different input
patterns.
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Figure 3.7.: AVg as a function of Rg for different values of Vs c.

the SD in memristor T. However, an increase in Vconp results in an increasing error
on memristor S, because it tends to switch S in State 1 (SDs; = wog —ws) and State 2
(SDs2 = wog —ws). Therefore, there is an optimum Vs ¢ for which the total state drift
(SD¢ota1) defined as normalized root mean square error as shown in Fig. 3.8. Optimum
Veconp and Rg are determined at any Vggr by

\/SDZ, +SD2, + SD2, + SDZ,

SDtotal = 2(woff — won) (324)
1F
>
% 0.1}
0.001 s - =
Vs.c (%)

Figure 3.8.: Total state drift as a function of Vgc.
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TiO, memristive switches enable stateful implication logic by serving simultaneously
as non-volatile memory and logic gates. Although the digital data is stored in the high-
and low-resistance state of the memristive device, the internal state variable w shows
analog behavior (Fig. 3.6). Therefore, during the logic operations the voltage drops
on S and T tend to push w toward w,y, also when their switching is undesired. This
causes the state drift error, which accumulates in sequential logic steps and results
in a one-bit error after a certain number of implication operations. Thus, refreshing
circuitry is required to avoid this error [163]. Fig. 3.9 shows the cumulative SD in T
during 20 implication operations with 1 ms pulse duration when T and S are in high
and low resistance states, respectively (State 3). It illustrates that after 14 steps the
sate variable w is equal to the median value of (weg + Won)/2 ~1.65 nm which can
be readout either as high- or low-resistance state. Whereas any resistance switching
in State 3 is considered as an undesired switching, the initial logic state of T has to
be rewritten before w reaches 1.65 nm. It is worth mentioning that the linear model
predicts a SD of 48.9% [163] for a particular design example which means a refreshing
is required after each implication operation. Compared to the nonlinear ionic drift
model, the linear drift model exhibits higher state drift values since it assumes that
the state drift is directly proportional to the current or voltage of the memristive
devices. However, according to experimental data, the ionic drift velocity shows an
exponential dependence on the applied current or voltage [149] which is taken into
account in the nonlinear model by Eq. 3.20 and Eq. 3.21. Once again one has to note
that, as high switching voltages are used for (high-speed) computing, the memristor
nonlinear model has to be used to take the tunneling effect and dynamical memristor
behavior into account.

Fig. 3.10 shows only a slight increase of the optimized Vsgr pulse amplitude with the
implication switching time decreased in contrast to the linear model. This results in
large power consumption benefits at higher IMP speed (Fig. 3.11) and shows a good

1.9
A
£
= 17 Poti+ Won
S 2 N
1.5
0 5 10 15 20
Number of IMP cycles

Figure 3.9.: Cumulative state drift effect in T for State 3.
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Figure 3.10.: Optimized Vgt pulse amplitude as a function of the pulse duration (IMP
speed) based on the linear and the nonlinear memristor models.

agreement between simulations based on the nonlinear model and the available experi-
mental data (see Fig. S5(b) in Supplementary Information of [76]) which demonstrates
a decrease in switching energy of a TiOy memristive device with the pulse duration
decreased. In fact, Fig. 3.11 demonstrates that when the linear model is used, event
the trend of the average implication energy consumption (Epp) is wrongly predicted

Linear model

—
=1
—

IMP energy (pj)

10 \

Nonlinear model

10-¢ 10-3 10~ 107
time (s)

Figure 3.11.: Average implication operation energy (Epyp) as a function of the IMP
speed based on the linear and the nonlinear memristor models.
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as it shows an increase with the IMP speed increased.
=
Emp = ; ; Enp (i), (3.25)

where Enyp (i) denotes the implication energy consumption when the memristive de-
vices S and T are initially in State q.

3.5. Summary

The realization of the stateful implication logic, a new kind of logic based on mate-
rial implication which is computationally complete, provides zero-standby power for
intrinsic logic-in-memory designs based on TiO, memristive devices. In this chapter,
studies on TiOs-based memristive stateful logic gates are presented. As under high
voltage regimes required for (relatively) high-speed computing (Fig. 3.10), the elec-
tron tunneling significantly affects the electrical behavior of the of TiOy memristive
devices, a nonlinear memristor model has been employed to analyze and optimize the
TiOs-based memristive stateful logic gates. The circuit parameters of the gate are
optimized to ensure correct implication logic behavior and to minimize the state drift
error accumulations for different input patterns. Simulation results based on the non-
linear memristor model show a good agreement with experimental observations and
illustrate that, in order to avoid a state computation error, a refreshing is required
after a limited number of logic steps (10-20 steps) as the state drift errors accumu-
late in sequential logic steps. This is very unfavorable as it needs extra hardware
for refreshing and increases complexity. Furthermore, limited number of cycles for
reversibly and reliably switching (so-called endurance) is still a major challenge for
metal /oxide /metal technology to be used as universal memory cells or computing de-
vices [164-167]. Compared to the spintronic devices, TiOs memristive switches exhibit
at least three orders of magnitude lower endurance [82]. In addition, spintronic devices
provide a very fine level of control and faster switching [65,168] compared to the TiO,
memristive devices which exhibit a very low mobility of dopants (oxygen vacancies)
in the TiO5 thin film [70].
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4. Spintronic Memristive Stateful
Logic Gates

4.1. Overview

Spintronics emerged with the discovery of the giant magnetoresistance (GMR) of mag-
netic multilayers in 1980s [30,31] which brought the Nobel prize to Fert and Griinberg
in 2007 [24]. Spintronic devices exploit the electrons’ spin degree of freedom to provide
novel functional properties. Spin dependent tunneling in magnetoresistive devices with
a tunnel barrier junction structure shows a higher resistance as well as a higher resis-
tance modulation compared to other magnetoresistive devices [32]. Therefore, mag-
netic tunnel junctions (MTJs) are very favorable for magnetoresistive random-access
memory (MRAM) technology [22,23]. Despite the advantages of CMOS compatibil-
ity, high speed, and unlimited endurance, the first generation of MTJs [41-43], which
utilized Oersted fields for the magnetization switching, was unfavorable in terms of
scalability and energy consumption. By using the spin-transfer torque [44,45] switch-
ing technique [46,47], the second generation of the MTJ (STT-MTJ) [48-50] eliminates
the need for current lines adjacent to memory cells, which were required previously
for generating a switching field. Thus, by using the same lines for reading and writing
operations, the STT-MTJ is more scalable and allows for smaller switching ener-
gies [22,23].

As one of the most promising non-volatile storage technologies, STT-MTJ is also at-
tractive for non-volatile logic applications to overcome scaling obstacles of CMOS logic
circuits like the leakage power issue [37,52-60]. By using the STT-MTJ technology
the effective area and interconnection delay can be reduced due to an easy three-
dimensional integration of the MTJs on top of the CMOS layers (Fig. 4.1). However,
in hybrid CMOS/MTJ logic circuits the MTJs are used only as ancillary devices,
which store solely the computation results. Therefore, sensing amplifiers [169] are
required to read the data at each logic stage and to provide the next stage with an
appropriate voltage or current signal as input. This increases the device count, delay,
and power consumption. In addition, the generalization to large-scale logic systems
is problematic. The use of spintronic devices as the main computing elements (logic
gates) in novel computational architectures is a promising solution to address the
above-described issues. The focus of this chapter is stateful logic gates which employ
spintronic devices as logic gates.

25



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

7

MT.J Devices

I

i | CMOS Logic

Si

Figure 4.1.: Logic-in-memory architecture and the three-dimensional structure of the
magnetic logic circuits.

4.2. Implication Logic Using DW-TMR Memristors

Combining the domain wall (DW) motion induced by the spin-transfer torque (STT) [44,
45] with the tunnel magnetoresistance (TMR) effect [170] has launched new concepts
for spintronic memristive devices [62,65,97]. The TMR effect is observed as a change
in the electrical resistance of a magnetic device depending on the relative magnetiza-
tion states of two ferromagnetic layers separated by a non-magnetic insulating layer
(whether ferromagnetic layers are in a parallel or an antiparallel alignment). Com-
pared to the memristive devices based on ionic motion (e.g. TiOy memristor), spin-
tronic memristors are more favorable in terms of speed, endurance, fine-tunability, and
CMOS compatibility [66,82,117,137]. In this section it is shown that the implication
logic operation can be implemented based on DW-TMR memristive devices (Fig. 4.2),
with the DW positions serving as state variables. This enables stateful logic operations
that extends spintronics from non-volatile memory to logic applications, for which the
spintronic memristor serves simultaneously as gate and latch.

4.2.1. DW-TMR Memristor

The STT effect allows to manipulate the local magnetization in a magnetic device by
transfusion of magnetic momentum from a spin polarized current. Therefore, a spin-
polarized current can induce motion in magnetic domain walls. Because of its potential
applications, STT domain wall motion (STT-DWM) has generated wide interest and
has been well studied theoretically and experimentally [171-178]. In a spintronic
device, when the total electrical resistance depends on the magnetization state, on
one hand, and the current flowing through the device can modulate the magnetization

26



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.
The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

\UARY) Your knowledge hub

W 3ibliothek,

state, on the other hand, the device exhibits memristive capabilities [61-68]. In fact,
the magnetization state and thus the electrical resistance of such a device becomes a
function of the historic profile of the current or the voltage applied to the device which
represents memristive behavior.

Fig. 4.2 shows the basic structure [97,138] and a (possible) top view [65] of a domain
wall tunnel magnetoresistance (DW-TMR) memristor comprising an insulating layer
and two ferromagnetic layers, a reference layer with a fixed (pinned) magnetization
state and a free layer which is divided into two segments by a magnetic domain wall.
The electrical resistance of the device depends on the relative orientation of the magne-
tization directions. A complete antiparallel alignment results in a high-resistance state
(HRS; Ry) of the device, while a fully parallel alignment places it in a low-resistance
state (LRS; Ry,). The total resistance (memristance) of the device is modeled by two
resistors connected in parallel Rp and Rap as [138]

Ry,

Rp = ——= 4.1

p=" (11)
and R
_ Itm

Rap = — (4.2)

where z is the domain wall position, r represent the relative DW position (0 < r =
z/L < 1), and L denotes the length of the free layer. Therefore, the i—v characteristics
of the device is obtained as

v = R(r)i, (4.3)

where
Ry Ry,

T'RH + (1 — T)RL.

M(r) = R(r) = (4.4)

When the DW velocity Vpw(t) is proportional to the applied current density (j(t) =

(b)

Ry
1-r

Figure 4.2.: (a) DW-TMR memristor structure and its equivalent circuit.
(b) A top view of the free layer of a DW-TMR memristor.
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i(t)/A), the dynamics of r is obtained as [138§]

dr 1dx 1 I'bw .
- — T — t - € t? 4
dt L dt [iDW() 3 jff() ( 5)

where

ity = 4% IO < e (1.6
J@), J(t) 2 e
I'pw is a DW velocity coefficient related to the device characteristics and A is the DW
cross-sectional surface. The DWM appears when the current density j(¢) is above a
critical current density (jo,) [138]. Eq. 4.4 and Eq. 4.5 demonstrate that the device
acts as a memristive system. Recently, a physical realization of DW-TMR memristive
devices has been reported in [65].

4.2.2. Domain Wall Dynamics

The DW-TMR memristor model described above includes simplifying assumption
from [138] regarding the dynamics of the current-induced DWM (Vpw o jeg). Here,
a more accurate modeling of the current-induced DWM is presented which can be
used to drive the State equation (Eq. 2.15) of the DW-based devices operating as
memristive systems (see Section 2.1.2).

The modified Landau-Lifshitz-Gilbert (LLG) equation [179] with an added spin-torque
term [45] can be used to describe the magnetization dynamics of a current-induced
DWM as [175,176]

oni

ot

5 = L om  jPug
o of + o ot eM,

(@.V)ii — Brit x ((ﬁﬁ)ﬁ)] L)

ni(r) is a unit vector representing the direction of the local magnetic moments, 7
is the gyromagnetic ratio, Her denotes the effective magnetic field, o represents the
Gilbert damping parameter. The third term in Eq. 4.7 represents the spin-torque term
of the current flowing in the direction U, where j shows the injected current density, P
denotes the spin polarization of the current, ug is the Bohr magneton, M represents
the saturation magnetization, and [ defines the strength of the non-adiabatic spin-
torque.

By using the collective coordinate approach which assumes that the configuration of
the DW can be explained by the collective coordinates the DW position (z) and the
angle between spins at the wall center and the easy plane (¢), the LLG is simplified
to Eq. 4.8 [180,181].
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dp  di

— ta—=P8] 4.8
dz do A

~ — a— = sin(2 N 4.8b
— —ats =sin(2) + ] (4:8b)

where t = tv./\, # = z/)\, ] = jPug/(e7oAK ), represent the aspect parameters
time, DW position, and current density which are normalized to dimensionless units.
Here, v. = 1%AK | /Ms is a constant with the velocity dimension, A = y/J/K is the
DW thickness, K is the hard-axis anisotropy, J is exchange coupling constant, and
K denotes the easy-axis anisotropy.

4.2.3. DW-TMR-Based Implication Logic

Fig. 4.3 shows an implication logic gate exploiting the DW-TMR memristive devices
as non-volatile memory as well as logic gates. The implication operation is performed
by applying the voltage pulses Vsgr and Viconp which tend to enforce high-to-low
resistance switching in the memristive device S and T.

The electrical resistances of S and T depend on the position of their DWs zg and xp
which act as the state variables. The realization of the implication logic operating
relies on a threshold current density below that the DWs does not move. Similar to
the TiO2-based implication logic gate, a high-to-low resistance switching is enforced in
the target device (T) only when both S and T are in the high resistance state (State 1
shown in Table 3.2). Therefore, the conditional switching behavior equivalent to the
basic operation of the implication logic is feasible using DW-TMR memristors.

Vconn Vser

Source (S) Target (T)

Figure 4.3.: DW-TMR-based implication logic gate.
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In order to analyze the DW-TMR-based implication logic gate (Fig. 4.3), Eq. 4.4
Eq. 4.6 are numerically solved for both S and T coupled with Eq. 3.4 where ig and it
are the currents following through S and T, respectively. Mg and Mt represent their
memristances which are a function of rs = zs/L and rt = z1/L, respectively.

4.2.4. Simulation Results and Discussion

When S and T are in the high-resistance state (State 1), the current passing through
T (jr1) is above the critical current j. required for the STT-DWM (Fig. 4.4). Due
to the voltage drop on Rg, the current passing through S (js;) is below j., and thus
its DW does not move. Therefore, a high-to-low resistance switching is enforced only
in T and Mg is left unchanged (State 1 in Fig. 4.5). As during the switching My
decreases, the current density jr; (js1) is increased (decreased). This acts as a positive
feedback between jr; and Mt which accelerates the current-induced DWM and allows
reducing the time required for the implication operation. The memristor devices are
characterized in [138] with physical dimensions and electrical parameters assumed as:
the length of L = 200 nm, the width of 2 = 10 nm, the thickness of h = 7 nm,
Ry =75k, R, =25k0, Iy, =2 x 10 nm® C~!, and j. = 20 nA nm—2.

The resistance states of S and T are left unchanged for other combinations of initial
states (State 2 — State 4 shown in Fig. 4.5). In fact, their current densities are below
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Figure 4.4.: Initial current densities passing through the DW-TMR memristor devices
S and T as a function of Rg.
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Figure 4.5.: Mg and My during the implication operation for different initial logic
states (State 1 — State 4) explained in Table 3.2.

Jer when they are initially in the high resistance state (jso in State 2 and jrs in State 3
shown in Fig. 4.4). Therefore, the DW-TMR memristive gate exhibits the conditional
switching behavior shown in Table 3.2. This is equivalent to the basic operation of
the implication logic and enables spintronic stateful logic.

Fig. 4.6 shows the energy consumption of the DW-TMR gate (&;) at different initial
states (State i) as a function of Rg

& = / [Mgiz + Mryis + Rg(is + ip)?]dt, (4.9)
0

According to Fig. 4.6, a higher Rg increases the implication energy consumption.
However, its minimum value is limited by State 3 to provide a correct logic behavior
as shown in Fig. 4.4. In fact, a higher Rg increases the difference between jr; and
jrs and ensures that My is not switched in State 3. Therefore, Point A for which
js1 = jrs (shown in Fig. 4.4) indicates an optimum value of R to ensure the correct
logic behavior in all states.
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Figure 4.6.: Implication operation energy (&) as a function of R¢ in State .

For more accurate analysis regarding the state drift errors, the one-dimensional model
of magnetic DWs (see Section 4.2.2) has been used to investigate the DW dynamics
in S and T during the implication operation. Here, coupled with Eq. 4.4 for S and T,
Eq. 3.4 is numerically solved to calculate Mg (M) as a function of zg (zr), while the
dynamics of zg (zr) is obtained by using Eq. 4.8. The memristor device geometries
are supposed as L = 100\, z = 4, and the free layer thickness as h = A. Fig. 4.7
shows the DW dynamics of S and T for all possible inputs (State 1 to State 4). Due
to their polarities, the voltage pulses Vsgr and Voonp tend to increase rg and r¢ to
enforce parallel alignment between free and pinned layers of S and T.

Since, the structure of the DW-TMR memristor devices is based upon existing mag-
netic memory technology it combines the advantages of CMOS compatibility, high
speed, high density, almost unlimited endurance, and scalability and thus is very
promising for spintronic memristors implementation [65]. However, although in state-
ful implication logic the DW-TMR memristors are used as two-resistance-state devices,
they exhibits analog behavior as the DW displacement is continuous in value and is
proportional to the amplitude of the injected current and the pulse duration. There-
fore, similar to the TiO,-based logic gates, this causes a state drift error during the
implication operation. This error accumulates in sequential logic steps and is very
unfavorable for stateful logic as it results in a computation error after a certain num-
ber of logic steps. According to Fig. 4.7, the major state drift error happens in zr.
It illustrates that after one implication operation the state drift error is about 10%
and 5% in State 1 and State 3, respectively. Therefore, a refreshing is required af-
ter less than 10 logic steps as an accumulated error of > 50% cause a one-bit error
in the readout. In the next section the realization of implication logic using STT-
MTJs is demonstrated, which does not suffer from error accumulation problems. It
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Figure 4.7.: The current signals (i and it) and the DW position ratios (rg and rt) of
S and T during the implication operation.

is based on the STT-MRAM technology which has recently been commercialized by
Everspin [182].

4.3. Novel Implication Logic Gates Using STT-MTls

4.3.1. Device Principles

The basic structure of the magnetic tunnel junction consists of a free and a fixed
(pinned) ferromagnetic layer separated by a tunneling oxide (Fig. 4.8). The magne-
tization of the free layer has a bistable configuration and can be switched between
a parallel and an antiparallel state compared to the fixed magnetization direction of
the pinned layer. The MTJ exploits the tunnel magnetoresistance effect associated
with the relative angle between the magnetizations of the free and the pinned lay-
ers. An antiparallel alignment results in a high-resistance state (HRS; Rap) of the
MTJ, while the parallel alignment places it in a low-resistance state (LRS; Rp). The
MTJ resistance modulation is described by the tunnel magnetoresistance (TMR) ratio
and is defined as TMR = (Rap — Rp)/Rp. Nowadays, the tunneling oxide is usually
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MgO. Due to the enhanced spin filtering, MgO-based MTJs exhibit a high TMR ratio
which is facilitated to read-out the MTJ resistance state via the TMR effect [38]. The
TMR ratio record of up to 604% [183] reported in MgO-based MTJs is close to the
theoretical maximum (~1000%) [184,185].

The magnetic state of the MTJ free layer can be switched either by a magnetic field
or by a spin-polarized current via the STT effect. Compared to the first generation of
MTJs, which utilized a magnetic field for switching, the STT switching technique ex-
hibits pure electrical read/write operations and renders the current-carrying wire gen-
erating the magnetic field superfluous. This brings significant advantages with respect
to scalability and energy consumption [22]. It makes the STT-MTJ a suitable candi-
date for a universal memory which combines the advantages of CMOS compatibility,
non-volatility, high switching speed, high integration density, unlimited endurance,
and scalability. Furthermore, the STT-MTJ shows memristive behavior [62, 72] as
its magnetic state and thus the corresponding resistance is a function of the historic
profile of the current passing through the MTJ. Indeed, the STT-MTJ exhibits the
memristor fingerprint [72] characterized by a pinched i —v hysteresis loop [186,187].

In the following, the STT-MTJ-based realization of the stateful implication logic op-
eration is demonstrated by using the conventional implication gate topology and a
novel topology which significantly improves the performance of the STT-MTJ-based
implication logic gates (Fig. 4.12). In the STT-MTJ-based logic gates, due to the
magnetic bistability of the MTJ caused by an intrinsic damping in its magnetic free
layer [23], the magnetization of the free layer can relax to its initial state when there
is enough time (in the range of sub-nanosecond [188]) between sequential logic oper-
ations. Therefore, unlike the TiO2 and the domain wall based logic gates, where the
state drift errors are accumulated as described before, the need for refreshing circuitry
in the STT-MTJ-based stateful logic systems is eliminated. In order to analyze and
compare the performance of the STT-MTJ-based logic gates, considerations regarding
the reliability of these gates are explained in the next section.

Clll rent Clll rent

Tunnel
barrier

Figure 4.8.: Sketch of basic MTJ structure with a bistable (parallel /antiparallel) mag-
netization configuration in the free layer.

34



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.3.2. Reliability Modeling and Analysis

Initially, there was no performance analysis regarding STT-MTJ-based logic gates
available, which are very favorable for stateful logic applications as discussed before.
However, as it is shown in the following, the reliability analysis of the stateful logic op-
erations is as an essential prerequisite for benchmarking and performance comparison
of different STT-MTJ-based logic architectures. Here, based on the mechanism of the
conditional switching behavior in stateful logic, a framework needed to perform the re-
liability modeling and analysis for the STT-MTJ-based stateful logic gates is described
and used for investigating, optimizing, and comparing different STT-MTJ-based logic
gates and architectures.

4.3.2.1. Reliable Switching

In order to analyze the stateful logic gates explained before and to further extend
stateful logic to cover more devices and circuit topologies, the conditional switching
behavior of a memristive device can be described by using Fig. 4.9, which shows the
switching dynamic of a memristive element as a function of the applied voltage/current
pulse amplitude. The horizontal axis denotes the voltage (or current) level applied
to a memristive element for a specific time (a pulse duration of 7). The solid curve
indicates the high-to-low (or low-to-high) resistance switching behavior of the device
where the vertical axis represents a normalized internal state variable of the device.
The internal state variable can represent the deterministic switching model of the
memristive device (e.g. w(t) in a TiOy memristive switch or the relative domain
wall position r in a spintronic memristor) or the switching probability of a spintronic
memristive element with a stochastic switching model (e.g. Psy in a STT-MTJ).
Region A shows a reliable switching region for which the dashed line represents the
minimum reliable switching voltage (V) (or a corresponding current [,). Region
B denotes a reliable non-switching region for which the dashed line represents the
maximum reliable non-switching voltage (V}) below that the disturbance due to the
applied voltage/current is negligible and it cannot force a switching event. When
Vi, # 0, the memristive device has a nonzero switching voltage/current threshold
which is in general a function of the pulse duration 7.

In the TiOy or the DW-TMR memristive implication logic gates explained before,
there are four possible high-to-low resistance switching cases depending on the initial
resistance states, when the voltage pulses Vsgr and Voonp are applied to the gates.
However, only when both S and T are in the high resistance state (State 1), the
voltage drop on T (the current flowing through T) is higher than V. In the other
cases, the voltage drops on S and T are below V}, and, therefore, undesired switching
events are avoided. For example, as in State 3 S is in the low-resistance state, the
voltage or current of T is decreased and thus its high-to-low resistance switching is
avoided. This conditional switching behavior, which comprises a set of desired and
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undesired switching events, corresponds to implication logic. Similarly, in a STT-
MTJ-based logic gate, depending on the initial resistance states of all MTJs a target
(output) MTJ is switched or not. Reliability of such a conditional switching behavior
can be defined as a function of the switching probabilities (P, ) of desired switching
events as well as 1 — P, for undesired switching events. This basic discussion can
be used to study, optimize and compare STT-MTJ-based logic gates. Furthermore,
it provides a better understanding of the conditional switching mechanism in stateful
logic which paves the way for the proposal of logic gate with novel topologies. In the
following, a SPICE model of the STT-MTJs is presented and modified to have the
capability of calculating the reliabilities and error probabilities in the STT-MTJ-based
logic gates.

4.3.2.2. Modified STT-MTJ SPICE Model

The STT-MTJ SPICE model presented in [189] includes a (deterministic) decision cir-
cuit to control a bistable circuit which shows an immediate switching between parallel
and antiparallel states (Fig. 4.10). The decision circuit comprises two capacitors (Cy
and C,) excited by two current sources (I; and I5) connected in parallel to realize the
relationship between the critical switching time and the critical switching current.

In fact, the rate of the charge/discharge of the capacitors is a function of the current

Applied voltage

&
tn

Internal state variable

(=)

Figure 4.9.: Normalized internal state variable of a memristive device as a function of
the applied voltage.

36



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

flowing through the MTJ (¢) and is determined by [189]

I, = exp (—A [1 — ;}) (4.10)
Icoap—p)

and

I, = exp (—A [1 — ;}) : (4.11)
Icop—ap)

A is the thermal stability factor and is equal to &,/kgT. &, represents the energy
barrier between the parallel and the antiparallel magnetization states of the MTJ, kp
is the Boltzmann constant, and 7" is the temperature. Icoap—p) > 0 and Iogp_apy < 0
denote the critical currents for the antiparallel-to-parallel and parallel-to-antiparallel
switching cases and are extrapolated to the critical switching time ¢y = 1ns. It has
been shown that the time required to charge the capacitors C; and Cy by exactly 1V
with the capacitance of 1 nF are given by [189]

1 nF)(1 )
tcr = dnF)AV) =1 ns x exp (A [1 — ;}) (4.12)
L Icoap—p)
and 1nFH)(1V )
tCQZMZIHSXeXp(A{l—;). (4.13)
I, Icop—ap)

In the thermally-activated switching regime (switching time ¢ >10 ns), Eq. 4.12
(Eq. 4.13) is identical to the relationship between the critical switching time ¢, and
the critical switching current (I¢) of antiparallel-to-parallel (parallel-to-antiparallel)
MTJ switching as [189]

Ie = Iey [1 - mn(i—p)} | (4.14)

0

As the critical values of switching time and current are usually defined for the MTJ
switching probability of 50% [189], the decision circuit enforces an immediate switch-
ing to the bistable circuit as soon as the switching probability is 50%. The curve fitting
circuit is used to take the voltage-dependent effective TMR ratio into account, which is
important to determine the resistance-voltage characteristic of the MTJ. This SPICE
model covers the major electrical characteristics of the STT-MTJs. It is, however,
not possible to calculate the switching probabilities of the STT-MTJs required for
reliability analysis and comparison of the STT-MTJ-based logic gates only based on
this SPICE model (Fig. 4.11). Therefore, in order to calculate the STT-MTJ switch-
ing probability (P,), the theoretical expression for the thermally-activated switching
regime [190] is used

Py =1—exp (—%exp [—A (1 — %i?)}) , (4.15)

where Iy is current flowing through the MTJ and 7 is the pulse duration.
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Figure 4.10.: Simplified equivalent circuit of the MTJ SPICE model and the proposed
error calculation circuit.

Eq. 4.15 has been experimentally verified in [50] and can be added to the STT-MTJ
SPICE model for switching probability (error) calculations by using a curve fitting

1 3
$
= ¢
= 0.8] Decision Vci)rcuit .
= output (
2 ! \ .\Proposed circuit
e 0.6 N output (P, 1) 1
R I
e0
£ ¢}
= 0.4} 'l
S
% 0.2 '.'.\ Experimental
® results
@
0 .
0.2 0.3 0.4
I (mA)

MTJ

Figure 4.11.: STT-MTJ switching probability as a function of the applied current
based on the modified STT-MTJ SPICE model compared to the decision
signal V; from the (unmodified) SPICE model.
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circuit shown in Fig. 4.10 characterized as
.
PAP_>p =1- exp (_t_[l) (416)
0

and
Prosap =1 — exp (-%@) . (4.17)
0

Fig. 4.11 compares the experimental results from [50] with the unmodified and the
modified STT-MTJ SPICE models. It illustrates that although the decision signals
V1 in the (old) STT-MTJ SPICE predicts the correct critical switching current where
the probability of the switching is 50%, it cannot fit the experimental data equally
well.

In order to calculate the current flowing through the STT-MTJs in the stateful MTJ
logic gates (described later), the voltage-dependent effective TMR model [191] is used,
which determines the resistance characteristic of the MTJs in the antiparallel MTJ
state as a function of the MTJ voltage (vary) as

TMRy

—_—
v

1 M’%‘

h

Rap = RP<1 + TMR,U) =Rp |1+ (418)

TMRy and TMR,, are the TMR ratio under zero and non-zero bias voltage across the
MTJ, respectively. Vy, is the bias voltage equivalent to TMR, = TMR/2.

4.3.3. Improved Implication Logic Gate

As explained before, due to the magnetic bistability of the MTJ, STT-MTJ logic gates
eliminate error accumulation in stateful logic and thus are inherently suited for digi-
tal computing and are preferable over TiOy-based or domain wall-based technologies,
which exhibit error accumulation due to their analog behavior. In this section, STT-
MTJs are employed to perform implication logic based on the conventional voltage-
controlled (VC) implication gate topology (Fig. 4.12a) and a novel current-controlled
(CC) topology (Fig. 4.12b). Based on the description of the reliable conditional switch-
ing cases (Section 4.3.2.1) and the modified STT-MTJ model (Section 4.3.3), the
performance of these gates are compared and it is demonstrated that the proposed
CC-IMP gate outperforms the conventional VC-IMP gate in terms of reliability and
power consumption.

Similar to the memristive stateful implication gate (Table 3.2), in the voltage- and
current-controlled implication gates (Fig. 4.12a and Fig. 4.12b) the logic operation

39



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.
The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

\UARY) Your knowledge hub

W Sibliothek,

(N)IMP is realized based on a conditional switching in the target MTJ (T). Depend-
ing on the initial resistance states of the source and the target MTJs, an AP-to—P
STT switching event is enforced in the target MTJ only, when both MTJs are ini-
tially at antiparallel (high resistance) states (State 1). For the other input patterns
(State 2, State 3, and State 4), the resistance states of the MTJs are left unchanged as
shown in Table 3.2. In the MTJ-based voltage-controlled implication (VC-IMP) gate
(Fig. 4.12a), the logic operation is executed by simultaneously applying the voltage
pulses Veonp and Vsgr. As |Veonn| < |Vser|, the voltage drop on S is smaller than
the critical voltage level required for STT switching and thus S is left unchanged. The
resistance state of S provides a voltage modulation across T through Rg. Due to this
modulation, T switches, when S is in the high resistance state (State 1), but remains
unchanged, when S is in the low resistance state (State 3).

In the CC-IMP gate (Fig. 4.12b) the logic operation is performed by applying the
current pulse [, to the gate. Iy, is applied in a direction which tends to enforce
AP-to-P switching events to both MTJs. The current [, is split between S and T
inversely proportional to the total resistance of each branch. The current split depends
on the input pattern as the resistance value of each branch is a function of the logic
state of its MTJ. According to Table 3.2 there are four possible AP-to—P switching
events containing State 1 and State 3 for T and State 1 and State 2 for S.

In order to better understand the operation of the implication gate, Fig. 4.13 shows the
switching probabilities of S (P,) and T (F;) as a function of the current level applied
to the implication gate (Iiyp) for all possible AP-to-P switching events P;y, Pi3, Pa,
and P,,. The current direction of I, is fixed, so that only high-to-low resistance
switching is feasible in both MTJs for any input combination. When both MTJs are
initially in the high resistance state (State 1), low Iimp values (= 0.4 mA) can not

@ vy (b)

COND \YSET Limp

T

R
R =

Figure 4.12.: STT-MTJ-based implication logic gates based on (a) the conventional
voltage-controlled and (b) the proposed current-controlled topologies.
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enforce any switching, because the currents flowing through both MTJs are below the
required switching current.

For a correct implication logic behavior, T (S) must (not) switch to the low resistance
state. Thus, [imp has to be chosen in a way that T exhibits a high switching probability
and S remains unchanged (within the reliable gap RG shown in Fig. 4.13). This gap
is controlled by Rq as it limits the current flow through S. In State 2 S is in the high
resistance state and the current flowing through S is lower than the value required for
STT switching due to Rg and the low resistance state of T. In State 3, although T
is in the high resistance state, I, does not switch T (P;3 ~ 0) since S is in the low
resistance state. This requires a high enough S resistance modulation (high TMR) and
also restricts the upper limit for Rg. When both MTJs are in the low resistance state
(State 4), there is no possible switching event as the direction of the [iny is fixed.

The reliability of the implication operation in State 1 is proportional to the multi-
plication of the probability of the desired switching event in T (F;;) and the term
1 — Py, where Py is the probability of the undesired switching event in S. Therefore,
in State 1, the error probability (E;) is

Ey=1—Ps(1— Py). (4.19)

In State 2 and State 3, there are only undesired switching events (Psx and P3) in S

1F

Switching probability
e
()]

0.4 0.6 0.8
Iimp(mA)

Figure 4.13.: AP-to—P switching probabilities of T and S in the CC-IMP gate as a
function of Iimp.
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and T, respectively. Therefore, the error probabilities are given by

Ey =Po, E3=Dgs. (4.20)

When both MTJs are in the low resistance state (State 4), there is no possible switching
event and the error probability Fj, is zero. It is obvious that a reliable logic behavior
of an operation is ensured only, when the logic gate exhibits correct functionality for
all input patterns. Therefore, by assuming equal incidence probabilities for all input
patterns, the average implication error probability (Enp) is obtained by

4
_ 1 1
Ep = ; 2_; By = (1= P+ PaPa+ P+ Pa). (4.21)

From a circuit point of view, the parameters (/iy,, and Rg in the CC-IMP and Veonp,
VseT, and Rg in the VC-IMP gates) can be optimized to minimize the error probability
Envp for given MTJ device characteristics. Fig. 4.14a shows the error probabilities E;
for different input states of the CC-IMP gate as function of Iy, for a fixed Rg with
MTJ devices characterized by TMR = 250%, A = 40, Ico(AP — P) = 325 pA, and
Rp = 1.8 k. Iinp has to be high enough to enforce a desired switching of T in State 1.
However, there is an optimum /i, as increasing iy, increases the probabilities for
undesired switching events in both T and S in State 1, State 2, and State 3.

In the CC-IMP gate Rg provides a structural asymmetry which increases the current
flowing through T compared to S, when both MTJs are in the high resistance state
(State 1). Therefore, increasing Rg reduces the error probability F; as it increases
(decreases) the probability of the desired (undesired) switching event Py (Ps) as
shown in Fig. 4.14b. However, its maximum value is limited by Fs3. In State 3, S
is in the low resistance state and thus the current flowing through S is increased as
compared to State 1. Therefore, the current flowing through T is decreased to a lower
level, below the critical current required for the STT switching. Because a higher Rg
decreases the effective resistance modulation of its corresponding branch (the source
branch comprises Rg and S), it increases the error probability Fs3 (Fig. 4.14b).

As explained before, a higher Rg reduces the error probabilities in State 1 and State 2
but is limited by the required current modulation in State 3. The current modulation
in State 3 relies on the modulation of the MTJ resistance between its antiparallel
and parallel magnetization states described by the MTJ’s TMR ratio. From this
follows that the TMR ratio is the main device parameter affecting the reliability of
the implication gate. A higher TMR ratio provides a higher current modulation and
allows higher values of Rg for CC-IMP circuit parameters optimization. Fig. 4.15a
shows the two dominant error probabilities (£ and Ej) for two different TMR ratios.
It illustrates that a higher TMR ratio has a negligible effect on F; but it decreases Ej.
Therefore, for MTJs with increased TMR, the CC-IMP gate with optimized circuit
parameters exhibits a more reliable logic behavior. In fact, as the current modulation
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Figure 4.14.: Error probabilities (£;) for different input states of the CC-IMP logic
gate as function of (a) i, and (b) Rg.

between State 1 and State 3 depends on the TMR ratio, a higher TMR ratio allows
for higher values of R (lower E; shown in Fig. 4.14b) when the circuit parameters
are optimized. Fig. 4.15b shows an example of a two-dimensional circuit parameters
optimization for the CC-IMP logic gate.

In order to compare the performance of the CC-IMP and VC-IMP gates, the circuit
parameters are optimized and the error probabilities and the energy consumptions are
calculated. According to Fig. 4.16, the optimal Rq of the implication gate based on the
conventional topology (Fig. 4.12a) is higher by a factor of two to three as compared
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Figure 4.15.: (a) Dominant error probabilities (E; and Ej3) for different TMR ratios.
(b) Circuit parameters optimization in the CC-IMP gate with TMR ratio
and optimum Rg and I, of 250%, 0.8 k€2, and 0.5 mA, respectively.

to the proposed topology (Fig. 4.12b). Furthermore, in the conventional voltage-
controlled gate topology the current flowing through R is equal to the sum of the
switching current it and the modulation current ig (Ig = is+irt) while it is only equal
to the switching current ir in the novel current-controlled gate topology (Ig = it).
Therefore, for a fixed current level and a given switching time, the implication energy
consumption is about 60% lower in the novel implication gate topology than in the
conventional topology. A comparison of the implication energy consumption in the
two topologies is shown in Fig. 4.17a.
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Figure 4.16.: Optimized Rg in the conventional (VC-IMP) and the proposed (CC-
IMP) implication logic gates depending on the TMR ratio.
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Figure 4.17.: (a) The IMP energy consumption and (b) the average error depending
on the TMR ratio for both conventional and proposed topologies.
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Robust implication logic behavior requires a high enough state dependent modulation
in both topologies. This modulation on the target MTJ (T) which is caused by the
difference between the high and low resistances of the source MTJ (S), is directly
proportional to the TMR ratio of the MTJ. Therefore, from the device point of view,
we expect that the error Engp decreases with the increase of the TMR ratio which is
a determinant device parameter for the logic reliability. Fig. 4.17b demonstrates that
the error Eiy,, decreases exponentially with increasing TMR ratio. At a fixed TMR
ratio the CC-IMP gate topology provides a higher modulation on T, thus reduces the
average error probability by about 60% as compared to the conventional one. As the
proposed CC-IMP gate enables a more energy-efficient and reliable implementation
for implication logic framework, in the following we employ the CC-IMP gate for the
performance comparison between the STT-MTJ-based implication logic gates and the
state-of-the-art (reprogrammable) gates.

4.4. Reprogrammable Logic Using STT-MTJs

Recently, it has been demonstrated that by using direct communication between STT-
MTlJs, logic operations can be realized for which the MTJ devices are used simulta-
neously as memory and computing elements in intrinsic logic-in-memory architec-
tures. In [55] and [56] experimental demonstrations of two-input and three-input
reprogrammable logic gates (Fig. 4.18) are reported to realize the basic Boolean logic
operations AND, OR, NAND, NOR, and the Majority operation. This section de-
scribes the operating principle and presents a reliability analysis of the reprogrammable
gates.

The basic Boolean logic operations using reprogrammable gates are executed in two
sequential steps. These steps comprise an appropriate preset operation (parallel or
antiparallel state) in the output MTJ and then applying a voltage pulse (Vi) with
a proper amplitude to the gate. Depending on the logic states of the input MTJs
(Xj), the preset in the output MTJ (Y), and the voltage level applied to the gate, a
conditional switching behavior in the output MTJ is provided that corresponds to a
particular logic operation [56].

Table 4.1 and Table 4.2 illustrate how the AND, OR, NAND, and NOR operations are
performed employing the two-input reprogrammable gate in two steps. The variable
x; show the logic states of an input MTJ (X;) and y represents the logic state of
the output MTJ (Y). In order to perform a logic operation, first a preset of y = 1
(setting Y in the high-resistance state (HRS) shown in Table 4.1) or y = 0 (setting
Y in the low-resistance state (LRS) shown in Table 4.2) is performed in the output
MTJ (Step 1). In Step 2 a proper voltage level (Vi < 0 or Vi > 0 with optimized
amplitude explained in Section 4.3.2) is applied to the gate to enforce the desired
(high-to-low or low-to-high) resistance switching event in the output MTJ to execute
the logic operation AND/OR or NAND/NOR. Compared to the (N)AND operation,
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Figure 4.18.: STT-MTJ-based (a) two-input and (b) three-input reprogrammable logic
gates. X; (Y) shows an input (output) MTJ.

the (N)OR operation requires a lower voltage amplitude (|V,]|), as it must enforce
a desired switching event only, if both input MTJs are in the low resistance state
(State 1). For the (N)AND operation the switching events are enforced not only in
State 1 but also when only one of the inputs is in the low resistance state (State 2 and
State 3). These switching events in State 2 and State 3 are desired switching events for
the (N)AND operation, while they are undesired events for the (N)OR operation.

Table 4.1.: Realized conditional switching behavior is equivalent to the AND and OR
operations with a preset of y = 1 using the two-input reprogrammable
gate. Desired switching events in the output (y’) are indicated by boldface
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type.
Input Patterns Y 21 AND 2 Y « 21 OR z,
Step 1 Step 2 Step 1 Step 2
State 1 To Y Y Y Y
1 LRS (0) | LRS (0) || HRS (1) | LRS (0) || HRS (1) | LRS (0)
2 LRS (0) | HRS (1) || HRS (1) | LRS (0) || HRS (1) | HRS (1)
3 HRS (1) | LRS (0) || HRS (1) | LRS (0) || HRS (1) | HRS (1)
4 HRS (1) | HRS (1) || HRS (1) | HRS (1) || HRS (1) | HRS (1)
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Table 4.2.: Realized conditional switching behavior is equivalent to the NAND and
NOR operations with a preset of y = 0 using the two-input reprogrammable
gate.

y' < x1 NAND 1z, y < 1 NOR

Input Patterns

Step 1 Step 2 Step 1 Step 2
State T X9 Yy Y Yy Y
1 LRS (0) | LRS (0) | LRS (0) | HRS (1) || LRS (0) | HRS (1)
2 LRS (0) | HRS (1) | LRS (0) | HRS (1) || LRS (0) | LRS (0)
3 HRS (1) | LRS (0) || LRS (0) | HRS (1) | LRS (0) | LRS (0)
4 HRS (1) | HRS (1) || LRS (0) | LRS (0) || LRS (0) | LRS (0)

Conditional switching corresponding to specific logic operations in reprogrammable
logic gates (Fig. 4.18) are performed by applying a proper voltage V, to the gates.
For given MTJ device characteristics, the value of the circuit parameter V has to be
optimized to ensure a reliable conditional switching behavior of the output MTJ for
any possible input pattern. Indeed, for any logic operation performed by the repro-
grammable gates, this optimization is required to maximize (minimize) the switching
probability in the output MTJ (P — 1 or P — 0), when it is a desired (an undesired)
switching event in Step 2 (Table 4.1 and Table 4.2). Therefore, for the reliability
analysis, the error probability of a given input state (State i) is defined as F; =1 — P,
(E; = P,) for a desired (undesired) switching event, where P, is the switching proba-
bility of the output MTJ in State 7. It should be noted that the input MTJs are left
unchanged and thus their switching probabilities are negligible as the current flowing
through the output MTJ splits between the inputs, and their currents are below the
critical current required for the STT switching.

Similar to the implication gates (Eq. 4.21), by assuming equal incidence probabilities
for all input patterns, we obtain the average error probability (£},) of a basic logic
operation b implemented by the reprogrammable gate as

2rl
|
= — E;, 4.22
b= o ; (4.22)

where n is the number of input MTJs. By using Table 4.1, Table 4.2, and Eq. 4.22,
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E,, is obtained for the two-input (N)OR and (N)AND operations as

1

— — 1 1

Eor = Enor = ZZZ:;EI = Z[(I_P1)+P2+P3+P4]’ (4.23)
1

— — 1 1

Eanp = Exanp :ZZEi :Z[(l—P1)+(1—P2)+(1—P3)+P4], (4.24)
i—1

where P, is the switching probability of the output MTJ in State 1.

It is important to note that for the AND and OR operations P represents the prob-
ability for antiparallel to parallel (AP-to—P) magnetization switching, while it is the
probability for the P-to—AP switching in the case of NAND and NOR operations. In
order to calculate P for different input patterns and various logic operations, we use
Eq. 4.15 which express the MTJ’s switching probability as a function of the applied
current. For calculating the current flowing through each MTJ, the voltage-dependent
effective TMR model (Eq. 4.18) is used coupled with Kirchhoff’s laws applied to the
two- and three-input reprogrammable gates (Fig. 4.18).

Fig. 4.19 shows the different values of P, for the AND (left) and the NAND (right)
logic operations based on the two-input reprogrammable gate as a function of Vj.
MTJs are characterized as TMR = 200%, A = 40, Ico(AP — P) = 325 pA, and

Switching Probabili

-1 1 1.2 1.4

Figure 4.19.: Switching probabilities of the nearest desired (P,3) and undesired (P;)
switching events shown for the AND (left side) and NAND (right side)

operations.
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Rp = 1.8 k2. For a voltage level V) chosen within the reliable gap (RG) opened
between the switching windows (SWs) of the nearest desired (P,3) and undesired
(P,) switching events, the average error probability is minimized. Fig. 4.20 shows the
average error probabilities (E),) for different logic operations for the two- and three-
input reprogrammable gates as a function of V,. It illustrates that for each operation
there is an optimal V and for both two- and three-input gates the operations AND
and NAND offer higher reliability as compared to the other logic operations.

In fact, as it is shown in Table 4.1 and Table 4.2, the operations AND and NAND
exhibit undesired switching when the inputs (z; and z5) are in high-resistance state
(State 4), but a desired switching when one of the inputs is in the low-resistance state
(State 2 or State 3); and the operations OR and NOR exhibit a desired switching
when the inputs (z; and z3) are in the low-resistance state (State 1) but undesired
switching when one of the inputs is in the high-resistance state (State 2 or State 3).
Eq.4.25 shows that the change in resistance at the input (R;,) is higher when there
is a modulation between State 4 and State 2 (or State 3) rather than a modulation
between State 1 and State 2 (or State 3) (|Rin(4) — Rin(2,3)| > |Rin(2, 3) — Rin(1))).
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E 10 | 1)
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= 10 | [
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£ 107 - = = 2-input-OR = = = 2-input-NOR
< v 3—input—AND o 3—input—-NAND
vmim 2—input—-AND rmrm 2—input—-NAND
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Figure 4.20.: Average error probabilities for the basic reprogrammable operations as
a function of Vj.
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|ARIH<4 3)’ - ‘ARIH(B 1)| Rln(4) - Rm(3)) - (Rm(g) - Rm(l))

= (Rin(4) — Rin(2)) — (Rin(2) — Rin(1))
_ (RAP Rp Rap ) B ( Rp Rap B &)
2 Rp + Rap Rp + Rap 2
(Rp — Rap)?
— > 4.25
2(Rp + Rap) (4.25)

It is clear that a higher resistance modulation in the input MTJs provides a higher
current modulation in the output MTJ of a reprogrammable logic gate (Fig. 4.18).
As a result, according to Eq.4.25, the current flowing through the output MTJ has a
higher modulation, when State 2 (or State 3) is compared to State 4 rather than to
State 1.

| Rin(4) — Rin(2,3)] >[Rin(2,3) — Rin(1)]
:>|Iout(4) - Iout(27 3)| > uout(27 3) - [out(1)| (426)

Therefore, the modulation between the nearest desired (P3) and undesired (Pj)
switching events for the (N)AND operation is higher than that of between the nearest
desired (P;) and undesired (Ps3) events for the (N)OR operation. Thus, the (N)AND

operation provide a more reliable behavior (Fig. 4.20).

The logic implementation using MTJ-based logic gates relies on a state dependent
current modulations on the output (target) MTJs. These modulations are caused by
the changes in the MTJs’ resistances for different initial logic states. According to
Eq. 4.18, the resistance modulation between the high and low resistance states in the
MTJ with antiparallel and parallel magnetization alignments is proportional to the
TMR ratio of the MTJs. Therefore, from a device point of view, the average error
probabilities of all MTJ-based operations are expected to decrease with increasing
TMR ratio. In fact, as we will see later, the TMR ratio is considered as a very
important device parameter for the reliability of all STT-MTJ-based logic gates. The
width of the reliable gap between the switching probabilities in the reprogrammable
gate (P, in Fig. 4.19) is enlarged for a higher TMR ratio as the difference between the
different input states originates from the modulation between the HRS and the LRS of
the MTJs (Table 4.1 and Table 4.2). Tt is also clear that a resistance modulation (the
difference between the HRS and the LRS states) of one input MTJ causes a higher
current modulation in the output MTJ, when it is only connected (in parallel) to one
other input MTJ rather than two input MTJs. Therefore, compared to the three-
input reprogrammable gate, the two-input reprogrammable gate provides a higher
current modulation in its output M'TJ and thus exhibits a more reliable logic behavior
(see P, for different operations in Fig. 4.20). Accordingly, in the following we employ
only the two-input gate for the performance analysis and comparison between the
reprogrammable and the implication logic architectures.
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4.5. Comparison of Improved Implication and
Reprogrammable Gates

Fig. 4.21 compares the average error probabilities (£) of different logic operations using
the CC-IMP gate ((N)IMP operation) and a two-input reprogrammable logic gate
(AND, OR, NAND, and NOR operations) as a function of TMR ratio with optimized
circuit parameters ([imp, R, and Vi) at each point. The MTJ device parameters are
given as Rp = 1.8 kQ, A =40, Ico(AP — P) = 325 pA, and Ico(P — AP) = 425 uA.
It illustrates that the error decreases exponentially with increasing TMR ratio and for
the same device characteristics, the implication gate exhibits a more reliable logic
behavior as compared to the reprogrammable gate. It has to be mentioned that these
results are obtained in the MTJ thermally-activated switching regime (¢ = 50 ns),
which is rather slow for logic applications. However, as the MTJ-based logic mainly
relies on a current modulation required for STT switching, the superior reliability of
the implication gate is independent of the switching regime as it is demonstrated below
in Fig. 4.22.

Fig. 4.22 compares the maximum current modulations (Iy — I,)/lq for each MTJ-
based operation as a function of the TMR ratio. I4 is the minimum current required
for a desired resistance switching and [, is the maximum current which can enforce
an undesired resistance switching. For example, in the implication gate I (1) is the

107"}
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e
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Q
oD —e—NAND
5 4 —+ano
Z —*—NIMP

50 100 150 200 250 300 350
TMR Ratio (%)

Figure 4.21.: Average error probabilities for the implication and two-input repro-
grammable logic gates as a function of the TMR ratio.
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Figure 4.22.: Maximum current modulation (I — I,,)/I4 in implication and two-input
reprogrammable logic gates as a function of the TMR ratio.

current flowing through T (S) in State 1. For the reprogrammable-based AND oper-
ation Iy (I,) is the current flowing through the output MTJ in State 4 (State 2 and
State 3). Asshown in Fig. 4.22, the implication gate allows higher current modulations
compared to the highest modulation by the reprogrammable-based AND operation.
Therefore, it opens a wider gap between desired and undesired switching events and
thus inherently enables a more reliable logic behavior. In fact, with the implica-
tion logic gate, Rg provides one more degree of freedom for the circuit parameters’
optimization. Therefore, the basic logic operation by the implication logic gate ex-
hibits five times more reliable behavior as compared to the most reliable operation
(AND) implemented by the reprogrammable gate (Fig. 4.21). The record TMR ratio
of 604% [183] makes the MgO-based MTJ a major candidate for STT-operated mag-
netoresistive random-access memories (STT-MRAMs) and promises highly reliable
MTJ-based logic architectures.

In order to preform a fair comparison, we assume the same MTJ device characteristics
for both logic gates and determine the minimum possible error probabilities (corre-
sponding to optimized circuit parameters as shown in Fig. 4.15b and Fig. 4.20) for
implementing the same binary Boolean functions using the implication and the repro-
grammable logic gates. For implication-based logic, appropriate sequential steps of
NIMP and TRUE operations must be executed to perform a specific logic function as
designed before. With the reprogrammable gate, a network of basic logic operations
including AND, OR, NAND, and NOR has to be constructed. Each basic operation
includes a preset (TRUE or FALSE) and a conditional switching event (Table 4.1
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and Table 4.2)). We define the average error probability of a complex Boolean logic
function (f) implemented by using a sequence of the basic logic operations as

ng

Er=1-R(f)=1-[]1-E()], (4.27)

=1

where R(f) is the reliability of f, ns indicates the total number of required basic logic
operations for implementing f, and E,() corresponds to the average error probability
of the i—th basic logic operation. Since by applying high enough voltage/current
highly reliable TRUE and FALSE operations can be executed, we suppose that the
error probability of a TRUE or FALSE operation is negligible compared to the error
probabilities of conditional switching events in both implication and reprogrammable
gates. Therefore, n; is equal to the total number of the conditional switching events
required for performing f based on either implication or reprogrammable gates.

As an example, performing an implication-based NOR operation requires three se-
quential steps including one TRUE and two NIMP operations as shown in Eq. 3.2.
Therefore, for TMR = 250% (Fig. 4.21), ny = 2 and

Exor =1—[1 = Exmp)? ~ 2 X Exnup ~ 5.6 x 1072 (4.28)

With the reprogrammable gate, one can directly perform NOR in two steps including
one FALSE and one conditional switching as shown in Table 4.2), for which ny = 1

and B B
Exor =1—[1 — Exogr|' ~ 2.4 x 1072 (4.29)

Table 4.3.: Average error probabilities for 7 distinct binary Boolean functions based on
the implication and reprogrammable logic architectures for TMR = 250%.

Reprogrammable Reprogrammable*  Implication

AND ~1.6x 1073 ~1.6x107%  ~56x1074
OR ~22x 1072 ~1.1x 1072 ~84x107*
NAND ~3.6x 1073 ~ 3.6 x 1073 ~84x 107"
NOR ~2.4x 1072 ~ 88 x 1073 ~5.6x107*
NOT ~3.6x 1073 ~ 3.6 x 1073 ~28x 10~
IMP ~2.6x 1072 ~ 88 x 1073 ~5.6x 107"
NIMP ~52x 1073 ~52x 1073 ~28x 107
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A more efficient way to reduce the error probability with the reprogrammable gate is
designing and performing the logic function f only based on the more reliable AND
and NAND operations (Fig. 4.20 and Fig. 4.21). Therefore, a reprogrammable-based
NOR operation can be indirectly executed as a combination of two NAND and one
AND operations (in a sequential manner) for which n¢ = 3 and

ENOR =1- [1 — EANDHI — ENAND]Q ~ 8.8 X 10_3. (430)

This kind of design (shown as reprogrammable® in Table 4.3) exhibits a more reliable
behavior as compared to the direct realization of the reprogrammable-based NOR
operation. However, its error is still about one order of magnitude higher than the
implication-based implementation. This shows that the implication logic has a great
potential to form a highly reliable M'TJ-based logic framework.

Table 4.3 shows the average error probability (Ef) of different Boolean functions for
implication and reprogrammable logic gates based on Eq. 4.27 and the error values
shown in Fig. 4.21 for TMR=250%. Reprogrammable* shows the results for the designs
with minimized error probabilities based on AND and NAND operations. For the sake
of completeness, performing the NOT operation requires one TRUE and one NIMP
(NAND) operation using the implication (reprogrammable [56]) logic architecture.

TRUE :t=1

NIMP : t — s = {t' =t.5 = NOT s} (4.31)
TRUE : ay =1

Preset : by =0

4.6. Effect of the MTJ Device Parameters on
Reliability

As mentioned before, the TMR ratio is considered as a very important device parame-
ter for the reliability of the conditional switching in MTJ-based logic gates. However,
other MTJ device parameters also affect the reliability. Fig. 4.23 shows the switching
probabilities of the MTJ device in the thermally-activated switching regime (Eq. 4.15)
as a function the MTJ current for different values of the thermal stability factor A. It
illustrates that a higher A provides sharper switching dynamics (switching windows
shown in Fig. 4.19 and Fig. 4.13). As decreasing the SWs increases the width of the
reliable gaps opened between the SWs of the desired and undesired switching events,
we expect a more reliable logic behavior for a higher A. In fact, according to Eq. 4.15,
the dominant term for the switching probability calculation is exp[—A(1 — I/Icy)].
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Figure 4.23.: Switching dynamics of the MTJ device as function of the applied current
plotted for different values of A.

The modulation of the term I/Ico depends on the TMR ratio and its impact has
been studied before. Nevertheless, a higher A magnifies the effect of this modulation.
Therefore, for all MTJ-based logic operations, a higher A decreases the error proba-
bilities. Indeed, Fig. 4.24 shows the average error probabilities of the basic operations
of the CC-IMP and the two-input reprogrammable gates as a function of the thermal

10 v v v v v

1
-

-
o

1
N

-t
(=]

1
=)

1

Average Error Probability
=)

10 )
10° 1
10— ’ - - v
20 30 40 50 60
A

Figure 4.24.: Average error probabilities for the basic operations of the two-input re-
programmable gate (AND, OR, NAND, and NOR) and the proposed
CC-IMP gate (IMP) as a function of A for TMR = 200%.
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Figure 4.25.: Expectation values of the NIMP error probability (< Enxmp >) as a
function of A.

stability factor A. It illustrates that the error decreases exponentially with A and for
the same device characteristics and TMR = 200%, the CC-IMP gate exhibits always
a more reliable logic behavior as compared to the two-input reprogrammable gate. At
each point the circuit parameters (fiy, and Rg in Fig. 4.15b and V} in Fig. 4.20) are
optimized to minimize the error probability. As it is shown in [38], although a lower A
value allows easier STT switching, a minimum value of A = E/kgT = 40 is required
for low write and read error rates in STT-MRAM technology. A similar trade-off is
encountered in the design of the MTJ-based logic gates. According to Eq. 4.15, the
error values are independent of the absolute values of Iy and Rp, as the computa-
tions can be generalized by normalizing all current and resistance values to Iy and
Rp, respectively. Furthermore, the effect of the pulse durations (7) is negligible as
compared to the internal exponential term in Eq. 4.15.

In order to investigate the effect of the MTJ device-to-device variations, Fig. 4.25 shows
the expectation value for the NIMP error probabilities (< Enxpp >) as a function of
A under MTJ device variations with Gaussian distribution [192]. The spread of the
variations (0% = o/pu) is assumed to be 4% in A, TMR ratio and Rp [192] for both
target and source MTJs (075). The mean values (1) for TMR ratio and Rp are
equal to 250% and Rp = 1.8 k, respectively. For each point, circuit parameters
are fixed to the values which minimize the error and the average error probability for
all combinations of input states (FNIMP) with 10000 random variations is calculated.
Then the expectation error values are obtained by Y f(Exmp) Exmnve, where f(Exmp)
is the distribution function of the errors (shown inset in Fig. 4.25). As it is expected,
MTJ device variations increase the error probabilities as shown in Fig. 4.25.

o7



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.7. Summary

The realization of the spintronic stateful logic operations is demonstrated. In con-
trast to the TiOs-based devices, spintronic devices exhibit almost unlimited endurance
which is an essential demand for logic computation. STT-MTJ is proposed as a very
favorable device for stateful logic as it inherently eliminates the (state drift) error
accumulation which is an important shortcoming in the TiOy and domain wall based
devices.

A novel (current-controlled) STT-MTJ-based logic gate is proposed. It significantly
improves the performance of the implication logic as compared to the conventional
(voltage-controlled) gate topology. A reliability modeling and analysis is presented for
optimizing and comparing STT-MTJ-based logic gates. It is shown that the proposed
implication logic gate allows to implement Boolean logic functions based on an up to
now ignored propositional logic operation of material implication and significantly im-
proves the reliability of the MTJ-based logic compared to similar circuits available from
literature based on reprogrammable architectures which realize conventional Boolean
logic operations including AND, OR, NAND, and NOR operations.

o8



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5. Stateful STT-MRAM Arrays for
Large-Scale Logic Circuits

5.1. Overview

In Chapter 4 it has been described how the direct communication between STT-
MTJs via implication and reprogrammable circuit topologies realizes stateful logic
operations. This intrinsically enables logic-in-memory architectures and extends the
functionality of non-volatile memory circuits to incorporate logic computations. Nev-
ertheless, in order to generalize the MTJ-based logic gates to large-scale logic circuits
for performing more complex logic functions, there are some issues which need to be
addressed. For example, it is necessary to use the logic result of one implication or
reprogrammable gate as the input for the next logic stage (non-volatile logic fan-out).
However, as shown in Fig. 4.12 and Fig. 4.18, the input and the output MTJs are
physically connected to each other and any additional connection to other MTJs will
disturb the conditional switching behavior of the output (target) MTJ. This highly lo-
calizes the logic computations and limits the possibility of performing logic operations
between different inputs located in arbitrary parts of the logic circuits. Therefore,
intermediate circuitry is required to perform extra read/write operations to readout
the data stored in the output (target) MTJ and to write it to an input (source) MT\J,
which increases complexity, energy consumption, and delay.

In the current-controlled implication circuit topology (Fig. 4.12b), the target MTJ
cannot be used as a source MTJ for the next logic stage due to a structural asymmetry
caused by the resistor Rg. In the reprogrammable circuit topologies (Fig. 4.18), the
output MTJ cannot be used as an input MTJ as its parallel connection to other MTJs
limits the possibility to perform the conditional switching required for MTJ-based
logic. Furthermore, in order to cover all logic input patterns, independent access to
initialize all input MTJs is necessary. Therefore, magnetic-field-based switching is
used for the input MTJs [56]. This requires extra wiring for generating a current-
induced Oersted field and thus in contrast to STT-switching is prohibitive from both
scalability and energy consumption points of view [22].

Due to the easy integration of MTJs on top of a CMOS circuit into a one-transistor /one-
MTJ (1T/1IMTJ) cell, hybrid CMOS/MTJ technology is promising to address the
above mentioned issues for extending the MTJ logic gates to large-scale non-volatile
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circuits. Since the 1T/IMTJ cell is the basic memory cell in the STT-MRAM struc-
ture [39,50], a STT-MRAM array can be used as a magnetic logic circuit for the
development of innovative non-volatile large-scale logic architectures. STT-MRAM
combines the speed of static RAM (SRAM), the density of dynamic RAM (DRAM),
the non-volatility of flash memory, and has all the characteristics of a universal mem-
ory [39]. In this chapter, it is shown how the MTJ reprogrammable and implication
stateful logic gates can be generalized to large-scale logic systems based on the STT-
MRAM arrays. This enables the extension of non-volatile MRAM from memory to
logic computing applications and eliminates the need for sensing amplifiers and inter-
mediate circuitry [169] as compared to the MTJ logic presented before as well as other
hybrid CMOS/MTJ non-volatile logic proposals [193].

In the common STT-MRAM architecture (Fig. 5.1), the 1T/IMTJ cell contains one
MTJ to store the binary data and an access transistor to control the current flowing
through the MTJ [50]. The cells are coupled in parallel between the current-carrying
source lines (SLs) and bit lines (BLs) as shown in Fig. 5.1. The gate terminals of
the access transistors are coupled to the word lines (WLs) in order to apply proper
voltage signals to a specific MTJ for read/write operations (memory mode) through
the SL and the BL in the MRAM array. For the read operation, a select voltage
and a read current are applied to the specific WL and BL. The reading current flows
through the selected MTJ, and by sensing the generated voltage difference between
the SL and the BL, the resistance (logic) state of the selected MTJ is sensed. The read
current must be low enough to prevent an undesired switching, which is referred to
as a read disturbance. During a write operation, a select voltage and a write current
(voltage) are applied to the specific WL and BL. According to the polarity of the
current (voltage) applied to the current-carrying lines (SL and BL), the AP—to-P or
P-to—AP switching is enforced in the selected MTJ depending on the desired binary
states (logical ‘0’ or ‘1’). In the following it is shown how STT-MRAM arrays can be
combined to realize MTJ logic gates without the need for intermediate circuitry and
independent CMOS logic units.

A
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WL; 5

1T/IMTJ Cell \\ / 1@ /" //$ L 8
WL3 - U= ¢ W RS
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Figure 5.1.: Common STT-MRAM architecture based on the 1T/1IMTJ structure.
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5.2. Implementation of the Reprogrammable
Architecture

Fig. 5.2 shows two STT-MRAM arrays which are connected in series. In the logic
mode, the access transistors of the 1T/1IMTJ cells are used to select simultaneously
two STT-MTJs (inputs) in one array and one STT-MTJ (output) in the other array.
Due to the serial connection of the arrays, the current flowing through the output MTJ
has a reverse polarity direction compared to the input MTJs. This means that, for
example, if the current flowing through the output MTJ tends to enforce an AP-to—P
switching, the current flowing through the input MTJs is in the P-to—AP switching
direction. Therefore, the three simultaneously selected MTJs (two inputs and one
output) form the circuit topology required for the two-input reprogrammable gate
shown in Fig. 4.18a. By applying the voltage difference V, to the BLs of the arrays,
the desired switching (Step 2 in Table 4.1 and Table 4.2) is enforced in the output
MTJ.

Depending on the specified basic logic operation (AND, OR, NAND, or NOR), V} has
to be optimized as shown in Fig. 4.20. A corresponding preset (Step 1) is performed in
the output MTJ beforehand, by selecting the desired access transistor and applying the
write current /voltage signal to the BL and SL of the output array, like in the common
write operations in the memory mode. Compared to the MTJ-based reprogrammable
circuits (Fig. 4.18a and Fig. 4.18b), which require extra wiring for generating a current-
induced Oersted field for independent access to the input MTJs [56], the STT-MRAM-
based implementation enables independent STT writing of the input MTJs by using
the access transistors. This brings significant advantages related to scalability and
energy consumption. However, the non-zero ON resistance of the access transistors
decreases the effective TMR ratio of the 1T /IMTJ cells by about 10% [192]. According
to Fig. 4.21, this increases the average error probabilities by a factor of < 2. Therefore,

Array 1 Array 2

BLq SL2

as a a |_. |_‘
e T HC H . B, B,

SL1y BL?
WL; WL, WL, WLI WL, WL

Figure 5.2.: Proposed STT-MRAM-based reprogrammable logic architecture including
two common STT-MRAM arrays connected in series.
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MTJs with higher TMR ratio are required to compensate the reliability decrease.

The effect of the channel resistances of the access transistors (R,,) can be taken into
account by using the following equations [194]:

"
Ron = DS : Vps < Vgs — Vg, (5.1a)

,U/nCox% [(VGS - VTH)VDS - %
Vbs
,unCox%(vGS - VvTH)Z(1 + AVDS)

R., = : VDS > VGS — Von. (51b)

Vas (Vps) is the voltage difference between the gate (drain) and the source of the
access transistor, u, denotes the mobility of electrons, C,y indicates the gate oxide
capacitance per unit area, W (L) represents the channel width (length), and A is the
channel-length modulation coefficient in saturation (Vps > Vas — Vrn).

For the STT-MRAM-based reprogrammable implementation of more complex Boolean
logic functions, a sequence of basic logic operations including AND, OR, NAND, and
NOR has to be constructed. As an example, we consider the implementation of the
exclusive OR (XOR) function which is a fundamental logic function in arithmetic
circuits. The output of the XOR function (a; XOR ay = a; @ as) is logic ‘1’ if ONLY
one of the inputs is ‘1’ and can be expressed as ‘a;.az+a;y.a9” or ‘(a1+aq).(ar.az)’. It can
be shown that the design based on the last expression requires a minimum of sequential
steps (6 steps) for implementation using the STT-MRAM arrays as follows:

Preset : by = 1
OR: bl =a; + ag
Preset : by =

NAND : by = ay.a3
Preset : azs =1
AND : as = bl.bg =a; O ax=a; XOR as. (52)

a; and b; are the logic variables equivalent to the resistance states of the MTJs in
the Array 1 and Array 2, respectively (Fig. 5.2). a; and ay are the input variables
stored in two MTJs in the Array 1 and the final result (a3) is written in an MTJ in
Array 1. There are two intermediate basic operations on a; and ay (OR and NAND),
the respective results (b; and by) are stored in two arbitrary MTJs in Array 2 for
performing the final basic operation (AND). b; and by are the inputs of the final
operation and Array 2 (Array 1) acts as the input (output) array.

As the output of one operation can be used as the input data for the next logic
stage, complex Boolean logic functions are designed by executing a well defined set of
subsequent basic operations. Furthermore, the MTJs can be selected arbitrarily (two
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in the input array and one in the output array). The computation framework in the
STT-MRAM architecture is flexible and not localized like in the MTJ circuits shown
in Fig. 4.18 and Fig. 4.12. MRAM-based logic not only extends the functionality of
the STT-MRAM architecture to perform non-volatile logic, but also eliminates the
need for data transfer between separated memory and logic units which allows to shift
away from the Von Neumann architecture and to shorten the interconnection delay.

By assuming the optimized Vj for each basic operation, we use the minimum Ey(7)
values (Fig. 4.20) for calculating E¢. For example, by using Eq. 4.27 and Fig. 4.21 for
TMR = 300%, the average error probability of the XOR function described in Eq. 5.2

is obtained as

EXOR =1 (1 — EOR)(l — ENAND)(I — EAND) ~ 2 X 10_2. (53)

For the sake of higher reliability, one can design a complex logic function based solely
on the AND and NAND operations, as these are more reliable compared to the OR and
NOR operation in the reprogrammable implementation. However, the reliability-based
design increases the number of required basic logic operations for implementation and
thus, increases the computation time and the energy consumption. For example,
the reliability-based design of the XOR function requires the following steps in the
reprogrammable MRAM-based logic architecture:

Preset : b =1
AND : b1 = Q1.0Q2

Preset : a3 =0

Preset : b =1

NAND : a3 = by.b, = by = ay.a3
Preset : b, =0

NAND : bl = a1.a3 = al.E = 1.01.09
Preset : b, = 0

NAND : b2 = U2.03 — A2.Q1.G9
Preset : a3 =0
NAND : a3 = by.by = (a1 + a2).(a1-a2) = a1 ® as (5.4)

The average error probability of the XOR operation for this design is about ~ 5x 1073,
which is four times smaller than that of the design with minimized steps. However,
the number of sequential steps and therefore, the computation time and the energy
consumption are approximately doubled.
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5.3. Implementation of the Improved Implication
Architecture

5.3.1. Structural Asymmetry

By replacing the MTJ devices with 1T /1MTJ cells, the implication logic gates are re-
alized in MRAM arrays to provide large-scale non-volatile magnetic circuits (Fig. 5.3).
Due to the structural asymmetry caused by Rg, two MRAM arrays are required in
this asymmetric implementation. For performing the implication operation, a source
(target) MTJ can be selected only in the source (target) MRAM array which is (not)
serially connected to Rg. Although this architecture enables independent STT writing
of the input MTJs to eliminate the difference between reading, writing, and perform-
ing logic operations, intermediate read/write operations are required to readout the
output of any logic operation from the target array and to write it in the source array
as an input for the next logic steps. In fact, as there is a need for a physical resistor
R which is connected in series to S, S (T) can be used only as source (target) MTJ
for the implication operations and the logic result stored in T cannot be used as a
source input for the next implication operation. Therefore, performing implication op-
eration between two inputs from the same array is not possible without intermediate
read /write operations.

Fig. 5.4 shows a simplified implication logic circuit architecture based on the STT-
MRAM architecture to realize the M'TJ-based current-controlled implication gate
(Fig. 5.4). This circuit enables stateful logic for which the need of using extra charge-

Source

®)

R & Ta(;g)et

Figure 5.3.: Asymmetric 1T /1MTJ-based implementation (right) of the CC-IMP logic
gate (left).
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based logic gates is eliminated and the memory cells serve simultaneously as logic
gates and latches via implication operation. The implication operation between two
cells C;; and C;y (ti; — s;5 IMP ¢;;) can be performed by simultaneous selection of
the i-th WL, the j-th (target) and the j-th (source) SLs which are connected to the
ground directly and via Rg, respectively, and by applying the current source I, to
the j-th and j'-th BLs. The result of the implication operation is written in C;j;.

Compared to the common STT-MRAM architecture, the SL and the BL drivers are
more complicated as they have to provide more selection capabilities. Furthermore,
two work cells are added to each WL, since it has been shown that with two additional
memory elements all Boolean functions can be performed on any number of the storage
cells [195]. These work cells can also be used to connect different WLs. Indeed, in
order to perform the implication between memory cells from different WLs, one has
to copy the logic data stored in a memory cell into a work cell from the other WL.
This increases the required time and energy consumption and limits the flexibility of
the computation.

(O OO,
O OO

Word Line Selector

Bit Line Driver:

Current source (ZsensesIcss Iy Iimp) and BL selectors

Ik - S

G

Ground (Source) Line Selector

Figure 5.4.: Asymmetric MRAM-based implication logic architecture.
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It should be noted that the nonzero ON resistance of the access transistors (Roy)
decreases the effective TMR ratio of the 1T/1MTJ cells which can be defined as

Rap — Rp
TMRup = ™ (5.5)
Therefore, a robust implication operation needs MTJs with sufficiently high TMR
ratio and electrical resistance. According to Fig. 4.17b, an implication reliability
of 99.9% requires a TMR ratio higher than 250% when the effective TMR ratio of
a 1T/IMTJ is decreased by about 10%-30% based on the MTJ and the transistor
devices characterized in [50].

5.3.2. Addressing the Asymmetry Issue

The inherent asymmetry of the proposed implication logic gate causes a significant
limitation in the flexibility of the computations and forces extra read/write operations
in the MRAM-based architectures shown in Fig. 5.3 and Fig. 5.4 as discussed before.
This problems can be addressed by an innovative solution for the asymmetry issue by
using the access transistors as voltage-controlled resistors to eliminate the need for a
physical Rqg. If voltage pulses with different amplitudes are applied to the different
WLs, the transistors have different bias points (Fig. 5.5) and thus exhibit different
channel resistances. Fig. 5.6a shows the MTJ- and the MRAM-based CC-IMP circuit
topologies. In the MRAM array, the structural asymmetry required for the CC-IMP is

Figure 5.5.: Bias points of the access transistor in a 1T/1MTJ cell for the selecting
(point A) and pre-selecting (point B) voltages applied to the word line of
the cell.
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provided, when the select and pre-select voltage signals (V; and V},5) are applied to two
arbitrary WLs. As V5 < V4, the transistors exhibit different channel resistances and
the required structural asymmetry is implicitly provided by the pre-selected transistor
featuring a higher resistance which acts as Rg. The logic operation is performed by
applying simultaneously the current [, to the common BL and V; and Vs to the
WLs of the target and the source 1T/1IMTJ cells, respectively. The logic result is
stored as the final resistance state of the selected (target) MTJ, which can be used
now as a source input by pre-selection in the next operations. This significantly
reduces the complexity, energy consumption, and delay as it eliminates the need for
extra hardware like the source line selector shown required in the MRAM architecture
(shown Fig. 5.4) as well as the intermediate read/write operations needed for reading
(writing) the target (source) data of the current (next) logic stage.

Fig. 5.6b shows the required circuit signals to implement the universal NOR operation
(a3 < a; NOR ay) in three steps, one TRUE and two NIMP operations, as shown in
Eq. 3.2. According to Eq. 4.27, the reliability of the implication-based NOR is then
obtained as Exor = 1 — (1 — Epyp)? which is ~ 1.9 x 10™* for TMR = 300%. For

(a)

T'l

WL,
(b) | . . .
] 1 1 |
| ! | !
Why— % L Yo Yo l—
| | 1 ]
1 ] 1 |
Wiz i v, : :
| I | ]
| | | 1
W : — v, L —
| I 1 1 |
| - ! P-to-AP | | ! I I
I - imp | imp |

Figure 5.6.: (a) MTJ- and MRAM-based implication logic architectures with no need
for a physical Rg. (b) Circuit signals for performing the universal NOR
operation in MRAM-based implication logic architecture.
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Figure 5.7.: Circuit parameters optimization for minimum error probability of the sym-
metric implication gate.

a given M'TJ and transistor device characteristics, the values of the circuit parameter
(Limp and V,s/V) are optimized (Fig. 5.7) by using Eq. 5.1 and the reliability model
presented in the previous chapter.

5.4. Complex Logic Functions Using Improved
Symmetric Implication

In the symmetricized MRAM-based implication logic architecture (Fig. 5.6a), com-
plex logic functions are implemented by using subsequent FALSE (TRUE) and IMP
(NIMP) operations. Regardless of the number of inputs, only two extra (work) mem-
ory elements [195] are needed to compute all Boolean logic functions with maximum
n — 2 inputs in an array with n 1T/1MTJ cells. Nevertheless, in different logic func-
tion designs presented in the following we try to minimize the error probabilities and
the total logic steps (equivalent to the total operation time and energy consumption)
rather than the number of required extra memory elements (equivalent to area), since
two cells out of kilobytes or megabytes are negligible.

As an example, in the implication logic the XOR function can be designed as [76]:

a1 P as = aq.a9 + a1.a9
(al IMP (12) IMP (a2 NIMP al). (5.6)
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In the MRAM logic architecture, its implementation (a3 = a; @ ay) comprises the
following sequential steps (Eq. 5.7) on four MTJs, where two MTJs are inputs (a; and
az) and two MTJs act as work MTJs.

TRUE : a3 =1
NIMP : a3 — a; = {ay = az.a; = a;}
TRUE : a4, =1

NIMP : @y — as = {a}, = a4.05 = @3}

NIMP : a3 = a; = {ay = az.a;}

NIMP : @y = a3z = {a), = a4.a3 = G3.a1 }

TRUE : a; =1

NIMP : a7 = a3 = {a] = a1.a3 = 1.(ay.a7) = a3 + a1}

NIMP : a7 = a3 = {a} = a1.a5 = (@3 + a1).(as + @1)}

TRUE L ag = 1

NIMP : a3 = a; = {a3 = a3.a1 = a2.a1 + Gz.a1 = a; P as} (5.7)

According to Eq. 4.27, as the implementation includes seven NIMP operations, the
reliability of the implication-based XOR for TMR = 300% is obtained as

Exor=1-(1—FEnpp) ~65x 107" (5.8)

This is about one order of magnitude smaller than that of the most reliable design
with the reprogrammable architecture for the same MTJ device characteristics and it
requires the same number of sequential steps compared to its reprogrammable coun-
terpart comprising 11 operations (Eq. 5.4).

5.4.1. Non-Volatile Logic Fan-Out

In the magnetoresistive (MR) non-volatile logic the resistance states of the MR de-
vices are the physical state variables. This is different compared to CMOS logic
where information is represented by charge or voltage. Most of the previous proposals
for MR-based logic circuits [19,52,54,193,196-199] require intermediate circuitry for
sensing the data stored in each non-volatile magnetic element to implement fan-out
functions [169]. This increases the power consumption, time delay, area, and inte-
gration complexity. A possible remedy is to switch to direct communication between
the MR devices thus removing intermediate circuitry [26,56,57,200-202]. However,
this makes the computations localized by confining them to the MR devices which are
directly coupled. Therefore, in the state-of-the-art, large-scale integration of complex
logic functions is difficult or may be even impossible by using the non-volatile logic-
in-memory concept due to the hard linking between different gates and the need for
sensing amplifiers and intermediate circuitry. In the STT-MRAM-based implication
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logic with symmetric implementation (Fig. 5.6a), the issue of the non-volatile logic
fan-out function can be addressed as follows.

The output information of a logic operation (IMP/NIMP) can be used to perform
the next operation with an arbitrary MTJ in the array as a source or a target input.
This provides high flexibility with regard to the non-volatile logic fan-out function.
However, when the (N)IMP operation is executed, the target data is not available
anymore, as the (N)IMP result is written into the target MTJ. Therefore, as long
as the data is used only as the source data in the subsequent operations, multiple
logic fan-output is not required. But, when the data has to be reused after being the
target data of an operation, implication-based NOT and COPY (2xNOT) operations
are executed to keep the data available. As a consequence, when multiple fan-out
is required, a set of FALSE (TRUE) and IMP (NIMP) operations are performed to
execute NOT and COPY operations in the implication MRAM array (Fig. 5.6a). This
allows to copy information from the source MTJ (which could be the target MTJ of
the previous operation) to an arbitrary target MTJ in the array without the need for
intermediate sensing. As an example, the next section describes the STT-MRAM-
based implementation in the implication logic framework.

5.4.2. Stateful STT-MRAM-based Full Adder

A full adder is a basic element of arithmetic circuits. As is well known, it adds three
binary inputs (ai, as, and ¢;,) and produces two binary outputs, sum (s) and carry

(Cout) Obtained as
s = a; XOR ay XOR ¢, (5.9)

and
Cout = (a1 AND az) OR (¢n AND (a; XOR ay)). (5.10)

Since the implication gates cannot fan-out, a logical value which is required as the
target variable for an implication operation has to be copied in a work (additional)
cell (a3, ay, or as), if it is needed as an input for subsequent operations. Eq. 5.12
and Eq. 5.13 show the TRUE/NIMP and the FALSE/IMP-based implementations
of a stateful full adder using the MRAM implication logic arrays, respectively. The
detailed derivations are given in Appendix A.

{as =1, a3 = a1, as = 1,04 = Gz, a4 — a3, a3 — as,

a5:1,a5—>a2,a5—>a4,a2—>a2,a1 —>CL4,CL4:1,

@4 = Cin, Gin — Q3,03 = 1,a3 = a1, a3 — Cm, a1 = 1,a; — as, }
= {a1 =ai.as + Cm-(Ch S5 a2) = Cout}

(5.11)
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{as = 1,05 = ay,a3 = 1,a3 — as, a3 — az, a5 — aa,

Ao = 1,(12-)@3,(12-)&5,(14: 1,&4-)(12}
= {CL4 =a; DPay D¢, = S} (512)

{a3:O, a; — as, a4:0,a2—>a4,a3—>a4,a5:0,
a4—>a5,a4:(),a2—>a4,a4—>a3,a3—>a5,a1 — Qy4,
aq :O,CL5 — a1, Cip — 1,09 :O,Cll —)ag,a4—>a2}

= {CLQ = aj.as + cm.(al D CLQ) = Cout}

{as =0,cn = as,a1 = 0,a5 — a1, a3 — aq,
as = 0,@1 — asg, Gy — as, a5 — CL3}
={as=a1 ®ay ® ¢y, = s} (5.13)

The FALSE/IMP-based design involves only 27 subsequent (9 FALSE and 18 IMP)
operations on three input cells (a;, a2, and ¢;,) and three additional cells (a3, a4, or
as), in contrast to the earlier proposed implication-based scheme [203] with 19 FALSE
and 18 IMP operations (37 total) for generating s and cuy, respectively, and four
additional cells. Therefore, this design decreases the total implementation time by
about 30% and reduces energy consumption and device count (area). As ‘a; NIMP
1”7 and ‘a; NIMP q;’ are equivalent to ‘NOT ;" and ‘a; AND (NOT q;)’, respectively,
some operations can be omitted to minimize the total effort.

In the magnetic full adders based on the logic-in-memory architecture presented in [54]
and [204], the MTJs are used only as ancillary devices which store the result of the
logic computations performed by the transistors. Therefore, the logic operations are
still performed by CMOS logic elements and 26 transistors for logic, 8 for MTJ writing,
and 4 MTJs for storing data are required. In contrast, the MRAM-based implication
architecture exploits the MTJs as the main devices for computations and eliminates the
need for extra logic gates. It therefore brings considerable benefit regarding the device
count. Furthermore, a key limitation of the magnetic full adders in [54] and [204] is
the necessity of different kind of inputs and outputs for which some inputs or outputs
are voltage signals, whereas the others are the resistance state of the MTJ elements.
This mismatch causes the need for extra hardware and increases complexity.
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5.5. Toward High Performance STT-MRAM-Based
Stateful Logic

The energy consumptions and the average error probabilities of the same Boolean logic
functions are calculated by using the improved MTJs SPICE model and the reliability
analysis method explained in Chapter 4. The same device (MTJ and transistor)
characteristics are assumed for both implementations and the circuit parameters are
optimized for TMR = 300% with respect to their minimum error probabilities of the
basic logic operations (Fig. 4.21).

Fig. 5.8a shows the energy consumptions of implication- and reprogrammable-based

(a)

N W - wn =)
i N i i i

Normalized Energy Consumption
—_—

AND OR NAND NOR NOT IMP

(b) AND OR NAND NOR NOT IMP

Average Error Probability

B e
- Rep.

Figure 5.8.: (a) Normalized energy consumption and (b) minimum average error prob-
abilities plotted for MRAM-based implication (IMP) and reprogrammable
(Rep.) implementations of some basic Boolean logic operations. The en-
ergy is normalized by the TRUE operation switching energy which is equal
to 18 pJ for a pulse duration of ¢ = 50 ns in the simulations.
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Figure 5.9.: (a) Normalized energy consumption and (b) minimum average error prob-
abilities plotted for different logic functions.

implementations of some basic Boolean logic operations. The energy consumptions
are normalized by the amount of energy required for AP—-to-P MTJ switching which
is equal to 18 pJ for pulse duration of ¢ = 50 ns in the simulations. Due to the
mismatch between the intrinsic logic functions of the gates, the implication-based
implementation requires more steps and thus more energy (by an average factor of
~1.4) to implement the basic operations. However, even for the intrinsic functions of
the reprogrammable gate, the implication logic exhibits about 1-3 orders of magnitude
higher reliability than the reprogrammable logic architecture (Fig. 5.8b).

In order to see the performance at larger circuits, the energy consumptions and the av-
erage error probabilities of more complex Boolean functions including an XOR, a half
adder, and a full adder are compared in Fig. 5.9a and Fig. 5.9b. Only AND and NAND
operations are used to provide the most reliable design for the reprogrammable archi-
tecture. Nevertheless, Fig. 5.9b shows that the implication-based implementation of
more complex functions exhibits about two orders of magnitude higher reliability than
the most reliable design with the reprogrammable architecture. Furthermore, for com-
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plex logic functions which are not inherently covered by the gates, the implication logic
architecture performs also better with respect to the power consumption (Fig. 5.9a).
In combination with ‘0’ and ‘1’ writing operations, both reprogrammable-based AND-
NAND and implication-based IMP-NIMP logic functions form complete logic bases.
Thus, any Boolean logic function can be computed in a series of subsequent steps
using these architectures. Furthermore, combining implication and (N)AND-based
reprogrammable frameworks in MRAM arrays is a possible direction in designing
large-scalable MRAM-based logic circuits featuring a minimized number of logic steps
and an optimized error, delay, and power consumption.

5.5.1. Combined Reprogrammable-Implication Logic

The implication logic outperforms the reprogrammable architecture in most aspects as
explained before (Fig. 5.9) and thus is expected to be the implementation of choice for
MRAM-based stateful logic circuits. However, in the following more design tradeoffs
are discussed by combining these logic architectures.

Due to their computational completeness, implication and reprogrammable MRAM-
based stateful logic architectures can be used independently to design any Boolean
logic function. However, their combination can minimize the number of required logic
steps as it provides more degrees of freedom by employing more fundamental logic oper-
ations and choosing the gates with the best performance with respect to their desired
attributes. Thus, the execution time and the energy consumption of complex logic
functions can be reduced. For example, in the combined reprogrammable-implication
(CRI) architecture the XOR function can be designed as:

TRUE : a3z,as =1

NIMP : a3 = a; = {aj = as. ai}

| &l
I

NIMP : @y — as = {d}, = as.a3 = a3}
Preset : by =0
NAND : by =aq.a4
Preset : b, =0
NAND : by = as.a3
Preset : a5 =1
AND : a5 = by.by = a; XOR as, (5.14)

According to Fig. 5.10a, the CRI design provides a lower energy consumption com-
pared to both implication and reprogrammable designs. However, its error probabil-
ities is higher than the implication design (Fig. 5.10b) since it employs basic repro-
grammable operations.
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Figure 5.10.: (a) Energy consumption for complex logic functions. (b) Ef for different
MRAM-based implementations of functions XOR, half adder (HA), and
full adder (FA).

5.5.2. Parallel STT-MRAM-Based Computation

Parallelization of several MRAM arrays can be used to simultaneously perform op-
erations on the same word lines to decrease the number of required serial steps. For
example, the required steps to implement the XOR function presented in Eq. 5.7 can
be performed in parallel in the MRAM structure shown in Fig. 5.11. By applying the
single/dual mode voltage signals to the word lines (Fig. 5.6b) to execute TRUE/NIMP
(FALSE/IMP) operations, the corresponding MTJs are selected or pre-selected in all
arrays. Therefore, by applying relevant current signals (Ip_to_ap Or [imp) simulta-
neously to all current-carrying lines (SLs and BLs), the computations are performed
in parallel. This significantly reduces the total time needed for implementing XOR
functions on binary data (a; and a;) stored in the i-th and j-th MTJs of each ar-
ray. Similarly, reprogrammable operations can be parallelized when the two group of
coupled arrays are connected in series.

For more complicated applications in which intermediate results have to be used as
input for the next logic steps (e.g. n-bit full adders, where n > 1) only some parts of
the computations can be performed in parallel. As an example, Fig. 5.12 shows a two-
bit full adder in which the carry output from the first full adder (c,,) is connected to
the carry input of the second full adder (). Therefore, it is not possible to perform
all computations in parallel.
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Assuming that a; (a3) and a) (a)) are stored in the first (second) MTJs in the MRAM
arrays 1 and 1’ which have coupled WLs, the AND and the XOR functions between (a;,
ay) and (b, by) can be performed in parallel (Fig. 5.12). In fact, when for performing
a logic operation a; and ay are selected or pre-selected through the corresponding
WLs, a| and a), are also selected or pre-selected as they share the same WL with
a1 and ag, respectively. Therefore, if the same current pulses are applied to both
BL and BL', the same logic operations will be performed in parallel in both arrays.
After performing the first AND and XOR operations in parallel, coy () is calculated
without parallelization. This part of the calculations is performed in Array 1 and it
cannot be parallelized with other computations in Array 1’. Then by using a read /write
operation the result is written into the MTJ in Array 1’ which is in the same WL as the
MTJ that holds ¢;, in Array 1. After that, the last XOR functions are performed in
parallel to calculate s; and s, and finally the calculations are continued to compute ¢,
in Array 1’. As a result, by parallelization of the MRAM-based logic arrays, the total
calculation time required for the implication-based and CRI-based implementations of
a two-bit full adder are decreased by about 40% and 50% (Fig. 5.13). It is worth noting
that the parallelization does not affect the reliability and the energy consumption since
only some steps are performed in parallel while the total number of logic operations
is still fixed.

o g e e L

WL, WL,

z
=

Figure 5.11.: Coupled MRAM arrays based on the common STT-MRAM architecture
suited for parallel MRAM-based computations.
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5.6. Summary

Because of the easy integration with CMOS, the MTJ-based logic gates are general-
izable to STT-MRAM-based stateful logic architectures by using hybrid CMOS/MTJ
technology. By utilizing the access transistors of the 1T/1MTJ cells not only as on-
off switches but also as voltage-controlled resistors, the circuit implementation of the
structural asymmetry in the improved implication logic gates is addressed. This STT-
MRAM-based logic implementation enables non-volatile logic fan-out and provides
high flexibility with regard to the use of arbitrary MTJs as input and output. The
implementation is computationally complete, has a simple circuit structure (STT-
MRAM), delocalizes computational execution, and eliminates the need for intermedi-
ate circuitry. It also enables parallel non-volatile computations and, therefore, it is
suited for complex logic functions evaluation and opens an alternative path towards
zero-standby power logic systems, shifting away from the Von Neumann architecture
by eliminating the need for data transfer between separate memory and logic units to
shorten the interconnection delay.

A performance analysis and comparison of the MRAM-based implication and repro-
grammable logic architectures is presented. It is shown that for the intrinsic (N)AND
and (N)OR operations, the reprogrammable gate requires slightly less power than the
corresponding implication-based implementation. However, MRAM-based implica-
tion logic enables a more reliable logic behavior as compared to the reprogrammable
gates. Furthermore, the implication architecture outperforms the reprogrammable
gate for more complex logic functions and is thus the implementation of choice for
large-scale logic circuits. As an example, the implementation of a stateful full adder
based on the STT-MRAM implication logic architecture is described. Compared to
the previous implication-based design, the total number of logic steps is decreased
by about 30% and thus less execution time and energy are required. The possible
tradeoffs to optimize the execution time, energy consumption, and the reliability of
the reprogrammable and implication MRAM-based stateful logic architecture are also
described. It is shown that a combined reprogrammable-implication logic architecture
minimizes the total number of the required logic steps and thus the energy consump-
tions. However, it decreases the reliability of the MRAM-based computation. It is
demonstrated that the parallelization of MRAM-based computations can significantly
reduce the execution time.
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6. Memristive Charge- and
Flux-Based Sensing

6.1. Overview

The memristor concept has attracted strong attention due to its practical demonstra-
tion based on different technologies like metal/oxide/metal thin-film and spintronic.
It has the potential to lead to novel applications beyond non-volatile memory due
to its functional properties, which are not accessible in electronic circuits combining
resistors, capacitors, and inductors. As the fourth fundamental circuit element, the
memristor is potentially suited for a wide range of tasks (Chapter 1). In this Chapter,
it is shown how the unique ability of the memristor to memorize the history of the
applied current or voltage leads to novel sensing capabilities which cannot be achieved
by RLC-networks alone. The historic profile of the applied current or voltage mem-
orized in the memristance change can be revealed instantaneously by keeping track
of its varying resistance. In principle, this storage capability, which is independent of
the memristor material, can reduce the charge (flux)-based capacitance (inductance)
sensing to a simple resistance measurement.

The behavior of the basic electrical circuits are determined by Kirchhoft’s current
(KCL) and voltage (KVL) laws. A resistor relates the voltage and the current by a
(linear) relationship called Ohm’s law. Its resistance, therefore, can be determined
by measuring the current and the voltage simultaneously. Since a capacitor and an
inductor relate their voltage and current through differential equations (Section 2.1.1),
the capacitance and the inductance are typically measured indirectly and their mea-
surement techniques are entirely different from those used for a resistor. Approaches
to measuring C' and L are based on time domain techniques and frequency domain
techniques. For example, in the time domain techniques C' is calculated by measuring
the oscillation period of a relaxation oscillator [205,206] or the time required to reach
a threshold voltage in a charge-discharge circuit [207,208]. In the frequency domain
technique an AC signal of a known frequency is applied to a capacitive divider (CC
circuit) or an RC circuit. The magnitude and the phase of the output signal across
the capacitor or the resistor are measured to determine C' [209,210].
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6.2. Memristive Sensing Principles

The memristive sensing scheme explained below can be classified as a novel charge-
discharge (time domain) technique in which the capacitance or the inductance is cal-
culated by measuring the memristance (memductance) and thus eliminates the need
for time (frequency) measurement. In fact, the memristance (in the unit of ) or
memductance (in the unit of S = Q') of a memristor can be simply determined
by Ohm’s law, which makes the memristive sensing straightforward and fast. Fur-
thermore, because a memristor holds the information even if its voltage/current is
turned off (non-volatility), it allows for measurement circuits with low leakage power
consumption and new functionalities.

6.2.1. Charge-Controlled Memristors
6.2.1.1. Capacitance Sensing

Consider a charge-controlled memristor connected in series with a capacitor as shown
in Fig. 6.1. According to Eq. 2.4 and Eq. 2.10 for the capacitance and memristance,
respectively, we have

qu . qu/dt . ic

O = pu— pum
d’UC d’Uc/dt d’Uc/dt

(6.1)

and
dM(q) dM(q)dqu  dM(q).
- - M- (62)
dt qu dt qu

As iy = i¢, by substituting iy from Eq. 6.2 into Eq. 6.1 we obtain

C = <di\é§’))_l jﬁzﬁi - <di‘£]§f)>_l Zi\z. (6.3)

The term dM /dqy is related to the intrinsic properties of the memristor. For a linear
resistor this term is zero. However, it is nonzero for a memristive device or system as
it is supposed to memorize the history of current flowing through the modulation in its
memristance. A charge-controlled memristor with the term dM/dgy being constant
is suited for charge-based capacitance sensing as it can reduce the measurement to a
simple memristance measurement. In fact, on one hand, as dvc « dgc and dgc = dqy,
we have dvg o< dgy. On the other hand, as for the memristor the term dM/dgqy is
constant, we have dqy oc dM. Therefore, duvc o< dM and thus dM /dvc is equal exactly
to AM/Avc. As a result, Eq. 6.3 is written as

oo (40)" 31~ () Mz M8
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Vg T C—=="

Figure 6.1.: A diagram of the charge-based memristive capacitance sensing circuit.

This means that one can calculate the capacitance by measuring the modulation of
the memristance and the voltage across the capacitor (or the memristor). Therefore,
unlike other time domain capacitance measurement methods, memristive sensing does
not need extra hardware for time/frequency measurement since the time parameter
has been implicitly taken into account in the memristance modulation. Furthermore,
to measure the memristance modulation, a simple circuit can be employed to switch
the memristor from the MC circuit (Fig. 6.1) to a basic readout circuit employing
an arbitrary resistance read method [97], without loosing the information during the
switching due to the non-volatility of the memristor. During the readout, the mem-
ristance and the charge in the capacitor can be reset to the initial state for which the
M and ve are equal to M(t = 0) and ve(t = 0), respectively. Then, for the next mea-
surement, one should measure only M (t = ;) and probably vc(t = tg) if the capacitor
is not fully charged (ve < vy).

6.2.1.2. Power Monitoring

The unique ability of a memristor to record the historic profile of the voltage/current
applied makes it suitable for power measurement [97]. The total energy generated
by an electric power supply & = [ Vi(t)I;(t)dt, where V,(t) is the voltage across the
source and I4(t) is the current flowing through it. For a circuit powered by a DC
voltage source (Fig. 6.2) [97], the energy is given by:

to M -1
€= V/ L(t)dt = V,Agy = V,AM (d—@) (6.5)
t1 qu

Therefore, a charge-controlled memristor with a constant term dM (q)/dgy reduces
the power measurement to a memristance measurement. To minimize the impact of
the memristor on measurements, the memristance has to be much smaller than the
circuit resistance.
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Memristor

Circuit

Figure 6.2.: A diagram of the memristive power monitoring circuit with a charge-
controlled memristor.

6.2.2. Flux-Controlled Memristors
6.2.2.1. Inductance Sensing

According to Eq. 2.5 and Eq. 2.11 for the inductance and memductance of a flux-
controlled memristor, respectively, we have

dQOL _ dQOL/dt _ VL,
diy,  dip/dt  diy/dt

L= (6.6)

and
dW(p) dW(p)dem  dW(p)
dt doy  dt dy

When a flux-controlled memristor is connected in parallel to an inductor (vy = vy, in
Fig. 6.3), the inductance is obtained as

I <dW(go))_1 dw/dt (dW(gp)>_l . (6:)

A flux-controlled memristor with a constant dW/dpy term is thus suited for flux-
based inductance measurement. For a common conductor the term dW/dypy is zero.
However, it is nonzero for a memristive device and is related to the intrinsic properties
of the memristor. Based on a similar discussion presented above for the MC circuit, in
the ML circuit with a memristor with dW/dpy = const., we get dip, < dW. Therefore,
Eq. 6.8 is simplified to

I <dW(<p))_1 AW <dW(gp))_1 W(t=to) = W(t=0) (69)

dQOM AZL n ngM ZL<t == to) - ZL(t == 0)
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Hence, the flux-controlled memristor in the ML circuit reduces the inductance mea-
surement to a straightforward memductance measurement.

In 43
Mis M L

Figure 6.3.: Basic memristor-inductor (ML) circuit for flux-based sensing.

6.2.2.2. Power Monitoring

Similar to the charge-based power monitoring, in a circuit powered by a DC current
source (Fig. 6.4) [97], a flux-controlled memristor with the term dW(y)/de being
constant reduces the power measurement to a memductance measurement.

-1
E = Is/Vs(t)dt = I,LApy = [LAW (dW(Qp)) (6.10)
dom

To minimize the impact of the memristor on measurements, the memductance must
be much smaller than the circuit conductance. In the following section we study
different spintronic memristors which are suited for both charge- and flux-based mea-
surements.

Memristor

Figure 6.4.: A diagram of the memristive power monitoring circuit using a flux-
controlled memristor.

83



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.3. Memristive Devices for Sensing

6.3.1. TiO,-Based Memristors

According to Eq. 3.7, the term dM /dq for the TiOs-based memristor is obtained as

dM(q)  Rig(w)dw  Rog — Roy dw

— - = — 6.11
dq dw dq Wmax  dq ( )
From Eq. 3.8, we then obtain
VROII VROII
dw = o )dt = P gy (6.12)
wmax wmax
Therefore, we get
dM(Q) Rint (U)) dw ,uvRon ,UvRonRoff
— - = Rog — Rop) 2 ——— = t. 6.13
dq dw dg  wi. (Ror ) Wi ax o (6.13)

Thus, according to Eq. 6.4 and Eq. 6.5, this device can be used for charge-based
memristive sensing. Let us consider a memristor-capacitor (MC) circuit shown in the
inset of Fig. 6.5d. Fig. 6.5a shows the ¢ — v characteristics of the memristor, when the
MC circuit is excited by a step voltage source vs(t) = u(t) where u(t)=0 for ¢t < 0 and
1 for t > 0. The memristor exhibits different behavior for different capacitances. As
it is expected, the smaller the capacitance the smaller the charging time (Fig. 6.5b)
as well as the smaller the charge modulation. Thus, the memristance exhibits smaller
modulation for smaller capacitance (Fig. 6.5¢). This is the key idea to measure the
capacitance by using Eq. 6.4 based on the modulations of the voltage across the
capacitor and the memristance. According to Eq. 6.4, if the measurement is performed
after the capacitor is fully charged (Ave = 1 V), only the memristance modulation has
to be measured. However, depending on the readout resolution, the measurement can
be performed in a time interval (much) shorter than the full charge time (Fig. 6.5d). In
Fig. 6.5, the TiOs-based memristor device characteristics are assumed as R,, = 1002,
Rot/Ron = 360, 1y = 107 cm?s™ 'V and wp. = 5nm [70].

6.3.2. Spintronic Memristors
6.3.2.1. Magnetoresistive Devices
Fig. 6.6 shows two magnetoresistive spintronic memristors with current-induced do-
main wall motion in a giant magnetoresistance spin-valve (Fig. 6.6a) and a tunneling

device (Fig. 6.6b). The electrical resistance (conductance) of these devices R(r) (G(r))
is a function of the DW position (x = rL) in the magnetic free layer [95,97,138]. A
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Figure 6.5.: (a) TiOy memristor ¢ — v curves. (b) The voltage of the capacitor and
(c) the memristance as a function of time. (d) Obtained capacitances by
using Eq. 6.4.

complete antiparallel alignment results in a high-resistance state (HRS; Ry = G{')
of the device, while a fully parallel alignment places it in a low-resistance state (LRS;
Ry = Gg).

For the domain wall giant magnetoresistance (DW-GMR) the memristor R(r) is given

by [97]

R(r) = Z’—x — Rp(r) + Rap(r) = 7Ry + (1 — )Ry

= RH - T'(RH — RL) = (1 — TGMR)RL, (614)
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where z is the domain wall position, r = x/L represent the relative DW position, and
L denotes the length of the free layer. GMR = (Ry — Ry)/Ry, is the giant magne-
toresistance ratio. According to Eq. 4.4, the electrical conductance of the domain wall
tunnel magnetoresistance (DW-TMR) memristor is obtained as [138]
G(r) = = = Gp(r) + Gar(r) =1Gu + (1 - 7)Gy
M
= (1+rTMR)Gy, (6.15)

TMR = (G — G1)/Gy, is the tunneling magnetoresistance ratio. The term dM /dq
(dW /dy) is obtained from Eq. 6.16 (Eq. 6.17) for the DW-GMR (DW-TMR) mem-

ristors, where Vpyw is the DW velocity.

dM(q) _ dR(r)dr dr/dt  —R GMR Viw

W= a4 _Ri.GMR dd = I i (6.16)
dW(p) dG(r)dr dr/dt G TMR Vpw
dp — dr dp GLTMRd(p/dt Y (6.17)

According to Eq. 6.16 (Eq. 6.17), in the DW-GMR (DW-TMR) memristor the term
dM /dq (dW /dy) is a constant and thus is suited for charge- (flux)-based measure-
ment, if there is a linear relationship between the domain wall velocity (Vpw) and
the current iy; (voltage vy). It can be shown that a linear dependence of the DW
velocity with respect to the applied current or voltage is expected, when the ratio

(a) x=rL

Figure 6.6.: (a) DW-GMR and (b) DW-TMR memristor structures and their equiva-
lent circuits.
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B /a is nonzero, where a is the damping parameter and j defines the strength of the
non-adiabatic spin-torque [175,176]. In fact, for 8 = 0 the DW exhibits a threshold
current density required for current-induced motion, even when in the absence of an
extrinsic pinning [171,177]. Thus, only in the presence of non-adiabatic spin-torque
(B # 0), the DW-GMR and the DW-TMR memristors can be used for charge- and
flux-based sensing. In fact, the non-adiabatic spin-torque allows for a non-zero mo-
bility of the DW where the mobility is proportional to the ratio 5/a [211,212]. A
comprehensive interpretation of the non-adiabatic spin-torque expressed by S is still
subject to controversial discussions and there are also difficulties to experimentally
characterize 8 [175,213-215]. In [214] experimental data shows 3/« ratios of ~ 0.7
and ~ 0.6 for CoNi multilayers and FePt alloy thin films, respectively.

As an example of a spintronic capacitance sensor, Fig. 6.7a shows the average DW
velocity as a function of the current passing through the DW-GMR memristor (con-
nected in series to a capacitor as shown in Fig. 6.1a) based on the one-dimensional
model of DW dynamics explained in Section 4.2.2. According to Eq. 6.16, the mem-
ristor is suited for capacitance sensing when 3 # 0. Fig. 6.7b illustrates that when the
MC circuit (Fig. 6.1a) is excited by a step voltage the final domain wall position in the
DW-GMR memristor and thus the memristance value is a function of the capacitance
value. The sensitivity increases with the ratio 3/a, but at the cost of decreased sensing
range. In fact, the increase in the ratio 3/, increases the DW velocity and thus the
sensitivity. It should be noted that for g # 0, the DW propagation is characterized
by a linear regime and a nonlinear regime above the Walker breakdown [175,216,217].
Above a critical current value called the Walker breakdown, the DW motion becomes
non-uniform (oscillatory) which is unfavorable for memristive sensing as discussed in
the following.

(a) ®»

(S
a Y

Normalized velocity (Vbw)

, - = =B=ol2
1 £ == p=a
ok
0 . _ 0.5 1
Normalized current (in) Normalized capacitance

Figure 6.7.: (a) Average domain wall velocity as a function of iy. (b) Final relative
domain wall position (r) as a function of capacitance.
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6.3.2.2. Magnetic Thin-Film Element

The dynamic properties of a propagating magnetic DW are strongly affected by the
device geometry [218]. A magnetic thin-film (MTF) element with varying width a(z)
and constant thickness b (Fig. 6.8a) has been proposed as a spintronic (DW-MTF)
memristor [62] based upon the STT-induced DW motion in the film-length direc-
tion x. The reaction force exerted by the domain wall to the electrons acts as the wall
resistance [62]. The current-induced DW motion exhibits memristive properties, when
the thin-film aspect ratio (a/b) is varying with z. Indeed, when the thickness of the
device is fixed, the mobility of the DW and thus the electrical resistance of the device,
becomes a function of the thin-film element width a(z) and is expressed as [62]

R(z) = R (i)_(m)

a

, (6.18)

where R and @ are the resistance and the width of the element, respectively, when the
DW is located at = and k determines the DW mobility scaling with the aspect ratio
as it ~ (a/b)* [62]. Therefore, when the spatial dependence of the element width as a
function of the DW position is given by

al@) =a ()", (6.19)

X

the ¢ — v characteristics of the device is obtained as

o= R(x)i. (6.20)
where we have [62] s —plet1)
R(x) = I <§> ' (6.21)

Since the dynamics of the magnetic domain wall motion (dz/dt) is a function of = and
current density (i/(a(x)b)), the latter equation shows that this device is a memristive
system (Eq. 2.14 and Eq. 2.15). For an idealistic case in which the DW velocity is
proportional to the current density, the ¢ — ¢ and ¢ — ¢ constitutive relations of the
domain wall magnetic thin-film (DW-MTF) memristor are determined as [62]

olg) = T1gUT) (6.22)
and "
g(p) = Top( =), (6.23)

where 17 and 75 are constant coefficients and p determines the spatial dependence of
the element’s width on = (Eq. 6.19) [62,173]. According to Eq. 2.10 (Eq. 2.11) and
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Eq. 6.22 (Eq. 6.23), for charge (flux)-controlled DW-MTF memristor we obtain

dM(q) _ d*p(q) _ .. (1—pk\ (1—pk (L2t -2)
e _Tl(p+1)(p+1 —l)q + (6.24)
and AW (e)  dq(p) 1 1
p) _d*q(p) _..[(p+ p+1 252 o)
dp  — dg? _T2(1—pk)(1—pk l)cp . (6.25)

Therefore, in order to keep the terms dM /dq and dW /dyp fixed, the appropriate de-
vice geometries for charge- and flux-based memristive sensing methods are (uniquely)
determined by

dM(q) 1— pk 1
= t —-2=0 = 6.26
dq const = p+1 = f k+2 (6.26)
and AW () 1 1
Y) _ p+L 5 _
Ao = const = 1~ ok 2=0 = P=orT (6.27)

In fact, different device geometries can provide different memristive behaviors re-
quired for various sensing applications. With a spatial shape of p = —1/(k+2)
(p =1/(2k + 1)), the DW-MTF memristor is suited for charge (flux)-based sensing.

x=0.1x % T e Y

x=10x ¥

Figure 6.8.: (a) Domain wall magnetic thin-film (DW-MTF) spintronic memristor with
appropriate geometries for (b) charge-based and (c) flux-based sensing.
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Fig. 6.8 shows schematic geometries for memristive sensing where the parameter k is
supposed equal to 2.2 [173].

Fig. 6.9 shows an example of inductance sensing by using the DW-MTF memristor with
proper geometry based on Eq. 6.9. The applied current is is(wot) = dpu(t) and all axes
are dimensionless, with current, memductance, voltage, time, and angular frequency
normalized in units of ig, W, i¢,W, 20W@/ig, and io/Wp. W is the memductance
when the domain wall position is  and ¢ is equal to w /275. According to Fig. 6.9a,
the memristor shows different memristive behavior for different inductances connected
in parallel. Therefore, by using Eq. 6.9 (Fig. 6.9d), the amount of inductance can be
calculated when the current (Fig. 6.9b) and memductance (Fig. 6.9c) modulations are
known.

1} (¢) finss (d) o L=05
,a-""""- 0.510000000000000000000
/’,
8 / .
= ,' 51 + M
1] 7 £
g ¢ L=0.25 -
Sos| s Cp
5 4 £ Is L
E -—
0251 AAAAAAAAAALAAAAAAAA
0.5 4 L=0.25
0 1 2 0 1 2
Time Time (x 100)

Figure 6.9.: (a) DW-MTF memristor i —v curves. (b) The current flowing through the
inductor and (c) the memductance as a function of time. (d) The electric
circuit for flux-based inductance sensing and the obtained inductances by
using Eq. 6.9.
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Fig. 6.10 and Fig. 6.11 show the simulation results for memristive measurement of
time-varying capacitors and inductors. The voltage v, and current i, sources are pulse
trains with a 50% duty cycle and a magnitude of vy and i, and the capacitance and
inductance are normalized by ¢/vy and ¢/iy, respectively. g (@) is equal to M /27
(W /275), where M (W) corresponds to the memristance (memductance) when domain
wall is located at z. By sampling iy and vy the capacitance (inductance) can be
calculated using Eq. 6.4 (Eq. 6.9). Fig. 6.12 shows a DW-MTF memristor structure
suited for both capacitance and inductance sensing. The term dM/dq (dW/dyp) is
constant for z < z (z > ) and the corresponding memristance and memductance are
shown in Fig. 6.13.
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Figure 6.10.: (a) Time-varying capacitance and memristive measurement results.
(b) The domain wall position and (c) the source voltage vs and the
voltage across the capacitor vc and (d) the current flowing through the
memristor iy; with respect to time.
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Figure 6.11.: (a) Time-varying inductance and memristive measurement results.
(b) The domain wall position and (c) the source current i, and the cur-
rent flowing through the inductor iy, and (d) the voltage of the memristor
vm With respect to time.
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Figure 6.12.: Proposed DW-MTF memristor structure for simultaneous capacitance
and inductance sensing.
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Figure 6.13.: (a) M (q) as a function of charge and (b) W () as a function of flux for
the DW-MTF memristor structure shown in Fig. 6.12.

6.3.3. Domain Wall Dynamics

In order to take a closer look at the DW dynamics in a patterned structure, the one-
dimensional model of DW dynamics (Section 4.2.2) is employed to analyze the DW-
MTF-based memristive sensing. The dynamic properties of a propagating magnetic
DW are strongly affected by the device geometry [218]. The varying width of the
DW-MTF element (Fig. 6.12) is taken into account by assuming the current density
and the number of spins (N(z) = a(z)N/a) in the DW [171] as a function of the DW

a)—j() and M,(z) =

position z. Therefore, Eq. 4.8 is solved for j(z) = E(Tz)

M, () = ML (2)

Fig. 6.14 shows the geometry dependence of the DW dynamics for zero and nonzero
non-adiabatic spin-torque values. In the absence of the non-adiabatic term (Fig. 6.14a),
there is a geometry dependent threshold current required to move a DW. Therefore, for
the currents below a current threshold the memristive behavior can not be observed.
In the presence of the non-adiabatic term (Fig. 6.14b), the average DW velocity in-
creases linearly with the applied current for low current values. Therefore, with 3 # 0,
the memristive behavior is observed and with proper geometry, the device can be used
for memristive sensing. Above a (geometry dependent) critical current corresponding
to the Walker breakdown [175,216,217], the DW motion shows complex behaviors.

Therefore, the memristive sensing has to be performed in a low current regime, which
for a given sensing resolution, increases the sensing time.
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Figure 6.14.: Time-averaged domain wall velocity (a) in the absence and (b) in the
presence of the non-adiabatic spin-torque effect plotted for different ge-
ometrical structures (p).

6.4. Sensitivity

The sensitivity of the memristive charge (flux)-based sensing scheme is determined by
the value of the memristance (memductance) modulation with respect to the charge
(flux) applied to the memristor. The amount of charge needed to pass through the
memristor to change the memristance from its minimum to its maximum value for
the TiOy memristor is relatively high and is in the range of tens to hundreds of
microcoulombs for a nanometer-scale motion of the doping front as the mobility of
dopants (oxygen vacancies) in the TiO, thin film is quite low (~ 107 %cm?s~ 'V~ [70]).
However, it turns out that it is in the range of nanocoulombs to picocoulombs in
the spintronic memristors for a micrometer-scale motion of the magnetic domain wall
(extracted from data presented in [95,172,173]) Therefore, the memristive sensor based
on the TiO, memristors can measure capacitances in the range of to microfarad to
nanofarad. Because spin-based memristors can be more finely tuned compared to the
TiO2 memristor [65,168], they are promising for measuring capacitances of 3-6 orders
of magnitude smaller than that measured by using the TiOy memristor. Nano-scale
feature size, low cost and the integration capabilities are other advantages of spintronic
memristors [97].
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6.5. Summary

Novel charge- and flux-based memristive sensing schemes are presented based on the
unique property of memristors to memorize the charge (time integral of current) and
the flux (time integral of voltage). The proposed methods can be used for capaci-
tance, inductance, and power measurements. Although inductance and capacitance
sensing are far from being new problems, the use of a memristor reduces the mea-
surement to a straightforward resistance measurement which can be performed fast.
We have shown that the TiO, memristor can be used for charge-based measurements.
Spintronic memristors are proposed for both charge- and flux-based capacitance and
inductance measurement. The effect of the device geometry on the memristive be-
havior of a spintronic device is studied to determine proper geometries for memristive
charge- and flux-based sensing. In the presence of the non-adiabatic spin-torque effect,
the spintronic memristor shows memristive behaviors at low current/voltage regimes
and within the desired geometries the device has a constant modulation of the mem-
ristance (memductance) with respect to the charge (flux) applied, which can be used
for capacitance (inductance) measurement or both. Spintronic memristors show 3-6
orders of magnitude higher sensitivities compared to the TiO; memristor devices.

Since the memristor holds the information, it is possible to use the memristor in a
readout circuit which measures the memristance and also resets the memristor for
the next measurement. Thus, unlike other time domain methods, memristive sensing
does not need extra hardware for time/frequency measurement. In fact, a memristive
sensor can be simply implemented by using a switch. Furthermore, memristor devices
are fabricated in nano-scale dimension and this makes memristors a candidate for
low power micro-system applications. The memristive sensing method is suitable for
measuring time-varying inductances and capacitances and it has the potential to be
used in novel inductive and capacitive sensors. For example, the simplest form of a
capacitor consists of two metal plates, separated by an insulator and the capacitance
is expressed as C' = gpe,.A/d where ¢y denotes the permittivity of free space, ¢, is the
dielectric constant of the insulating material between the plates, A express the area
of the plates, and d is the distance between the plates. The capacitance changes, if
at least one of the parameters ¢,, A, or d is changed. By measuring the capacitance
periodically, any movement of the plates or changing in the dielectric constant (e.g.
due to a finger-touch on the dielectric) can be measured or detected. Due to the
non-volatility, zero-leakage, high endurance, and small cell size of the memristors,
memristive sensing is promising for ultra-low power capacitive (e.g. touch) sensors.
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7. Conclusions and QOutlook

TiOy-based and spintronic memristive devices as well as implication and reprogramm-
able circuit topologies are potential candidates as the basic (latch/gate) building blocks
of the stateful logic systems. TiO,-based memristive implication logic gates are studied
based on a nonlinear memristor device model which successfully takes into account
the dynamic switching behavior and the nonlinearities observed in TiOy memristive
devices. The gates are optimized to minimize the state drift error accumulations and
to ensure correct implication logic behavior for different input patterns. It is shown
that the use of refreshing circuitry after a limited number of logic steps (10-20 steps)
is unavoidable due to the state drift errors accumulated in sequential logic steps. This
is very unfavorable as it needs extra hardware and increases complexity. Furthermore,
limited endurance is still a major challenge for metal/oxide/metal technology to be
used as universal memory cells or computing devices.

Spintronic memristive devices, especially the tunnel magnetoresistance (TMR)-based
devices, show almost unlimited endurance and sufficiently high resistance modulation.
In addition, spintronic devices provide a very fine level of control and faster switch-
ing compared to the TiOs memristive devices which exhibit a very low mobility of
dopants in the TiO, thin film. It is shown that the implication logic operation can
be implemented based on domain wall (DW) TMR memristive devices, with the DW
position serving as state variable. This enables stateful logic operations that extends
spintronics from non-volatile memory to logic applications, for which the spintronic
memristor serves simultaneously as a logic gate and a latch. However, similar to the
TiOs-implication gate, the DW-TMR-based gate also suffers from the state drift error
accumulation.

The spin-transfer torque magnetic tunnel junction (STT-MTJ) is proposed as a very
favorable device for stateful implication logic as it inherently eliminates the state
drift error accumulation due to its magnetic bistability. Furthermore, it has a great
potential, because of its CMOS compatibility, scalability, unlimited endurance, and
fast switching speed. A new improved current-controlled gate topology is proposed for
STT-MTJ-based implication logic. Reliability modeling and analysis is presented for
optimizing and comparing the STT-MTJ-based logic gates. It is demonstrated that the
proposed implication gate provides a more energy-efficient and reliable implementation
as compared to the conventional (voltage-controlled) implication gate topology. It is
also demonstrated that the implication logic framework based on the proposed gate
topology significantly improves the reliability of the MTJ-based logic compared to the
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earlier proposed reprogrammable logic framework which is based on common Boolean
logic operations including AND, OR, et cetera.

STT-MRAM-based logic architectures are presented to facilitate the generalization of
the M'TJ logic gates to large-scale non-volatile logic circuits. The asymmetry issue of
the proposed implication logic gate is addressed by exploiting the access transistors of
one-transistor /one-MT\J cells not only as on-off switches but also as voltage-controlled
resistor. Therefore, the functionality of the STT-MRAM circuit is extended to include
stateful logic operations with no extra hardware added. STT-MRAM stateful logic
provides non-volatile logic fan-out, exhibits high flexibility with regard to the delo-
calized computations execution, and eliminates the need for intermediate circuitry. It
also enables parallel non-volatile computations and, therefore, it is suited for large-
scale logic applications and opens an alternative path towards zero-standby power
logic systems, shifting away from the Von Neumann architecture. It is shown that
for the intrinsic (N)AND and (N)OR operations, the reprogrammable gate requires
slightly less power than the corresponding implication-based implementation. Besides
the fact that the MRAM-based implication logic enables a more reliable logic behavior
as compared to the reprogrammable gates, it outperforms the reprogrammable gate
for more complex logic functions and is thus the implementation of choice for large-
scale logic circuits. Through design examples like fundamental arithmetic functions,
the advantages of the MRAM-based stateful logic implementation are described and
the possible tradeoffs to optimize the execution time, the energy consumption, and
the reliability of the MRAM-based stateful logic architectures are also investigated.
It is also shown that, at the cost of reduced reliability, a combined reprogrammable-
implication logic architecture reduces the total number of the logic steps and thus the
energy consumptions.

The MRAM-based stateful logic via the improved implication logic gate is based on
STT-MRAM memory technology which has already been commercialized. However,
an experimental demonstration of the improved implication logic gate is still missing.
Because of the already reported successful fabrication of the reprogrammable gates,
on one hand, and improved reliability of the novel implication gate demonstrated in
the thesis, on the other hand, we believe that the fabrication of this novel gate is
quite feasible. As it is shown in this work, the reliability is an essential prerequisite of
the MTJ-based logic circuits. We demonstrated that the reliability increases almost
exponentially with the TMR ratio and the thermal stability factor of the MTJ. Due
to the strong ongoing efforts towards improving the STT-MRAM technology, these
parameters keep increasing which results in higher reliability. It is demonstrated
that, independent of the MTJ switching regime, the improved implication logic gate
intrinsically provides a more reliable conditional switching behavior as compared to
the reprogrammable gate. Nevertheless, future work may involve the investigation of
the level of superiority of the implication gate in subnanosecond (precessional) MTJ
switching regime. This is of interest to explore limits and to inquire design tradeoffs
in very high-speed MTJ logic architectures. At the architecture level, investigating
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general methods to design Boolean logic functions based on the basic implication logic
operations with minimized logic steps is another necessary future research direction.

The novel functional properties of emerging memristive devices have the potential to
lead applications beyond non-volatile memory and logic. The last part of the thesis
describes novel charge- and flux-based memristive sensing schemes based on the unique
property of memristors to record the time integral of the applied current or voltage
signals. The proposed method reduces the capacitance, inductance, and power mea-
surements to a straightforward resistance measurement. Spintronic memristive devices
are proposed for both charge- and flux-based capacitance and inductance measure-
ment. The effect of the device geometry on the memristive behavior of a spintronic
device caused by the dynamic properties of a propagating magnetic domain wall is
studied. Particular geometries corresponding to appropriate memristive characteris-
tics are exploited for charge- and flux-based sensing applications. It is shown that
in the presence of the non-adiabatic spin-transfer torque, the spintronic memristor
exhibits a constant modulation of the memristance (memductance) with respect to
the charge (flux) and can be used for capacitance (inductance) measurement. The
memristive sensing method is also suited for novel ultra-low leakage capacitive and
inductive sensor applications in nano-scale. For example, the capacitance changes due
to any movement of the capacitor plates or a change in the dielectric constant (e.g.
due to a finger-touch) can be measured or detected in future memristive capacitive
Sensors.
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Appendix A.

Implication-Based Full Adder

A full adder adds three binary inputs (a1, a2, and ¢;,) and has two outputs, sum (s)
and carry (Cou) given by

s = a; XOR ay XOR ¢ (A.1)
and
Cout — (CL1 AND CLQ) OR (Cin AND [a1 XOR CLQ])
= (al AND (12) OR (Cin AND [al OR CI,Q]). (AQ)

In implication-based logic systems the realized logic operation is equivalent to the
operation IMP or NIMP depending on the logical definitions for the high and low
resistance states as explained in Table 3.2). Here the detailed implementations of a
stateful full adder using the MRAM implication logic arrays are presented.

Table A.1.: Full adder truth table.

aip | @2 | Cn || S | Cout
0101 01(0] O
OO0 1 {1] O
O 1 101{1] O
Oj1]1})0] 1
110]0 1] O
17071 }]0 1
171100 1
111 1] 1
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A.1. NIMP-Based Full Adder

TRUE :
NIMP :
TRUE :

NIMP
NIMP

NIMP
NIMP

NIMP

NIMP

NIMP

1 Cip — Q3 =
TRUE :
NIMP

CL3:].

az — a; = {ay = az.a; = ai}

a4:1

LGy — ag = {a), = ag.a; = @y}

Gy — a3z = {a) = a4.03 = 3.0}
NIMP :
TRUE :
NIMP :

ay — a; = {day, = ay.ar}

CL521

a5 — Gz = {ay = a5.G3 = Gz + a1}

LAy > ag = {ak = as.a; = (@3 + a1).(ay + @) = a; XOR ay}
a3 — ap = {ay = a3.a; = a1.a3}

NIMP
TRUE :
NIMP :

a1 — ag = {d} = a1.a3 = ay.a3}
as =1
Gy — & = {d), = a4.C, =G}
{c, = cin.a3 = cin.(a1 + a2)}
az =1

a3 — a; = {ay = a3.a; = a;.az}

LT3 = o = {a = a3.Gn = (araz). (W) = Comt}
TRUE :
NIMP :
TRUE :

CL1:1

- / —

a; — a3 = {a] = a1.a3 = Cou}
CLQZ].

DGy = ag = {ay = as.a3 = i}
TRUE :
NIMP :
NIMP :

NIMP :
TRUE :

NIMP :

a3 = 1
az = a; = {a; = az.a5s = a; XOR ay}

az — a = {ay = az.a3 = (a3 XOR ay).c}

a5 — a; = {ay = a5.a3 = ¢in.(a; XOR ay)}

agzl

NIMP : ay = a5

TRUE :
NIMP :

ay = 1
a; — as = {a) = a,.a3 = ((a1 XOR as).cy) - (cin.(al XOR a2)>}
= {a}, = ¢;n XOR a1 XOR ay = s} (A.3)
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A.2. IMP-Based Full Adder

FALSE : a3 =0

IMP : a; — a3 ={ay =a; + a3 =a;}
FALSE : a4 =0

IMP : ay — a4y = {d), = a3 + a4 = a3}

IMP:a3—>a4E{aﬁl=a_3+a4:a1+a_2}
FALSE : a5 =0

IMP : ay — a5 = {as = a4 + a5 = aj.az}
FALSE : a4 =0

IMP : ay — a4 = {a) = a3 + a4 = @3}

IMP : ay — a3 ={ay =03 +a3 = ay +a}

IMP : a3 — a5 = {ay = a3 + a5 = az.a; + a7.as = a; XOR ay}

IMP : a; = aqs ={a), =0 +ay =a; + a3}
FALSE : a1 =0

IMP : a5 — a; = {d}, = @ + a, = a; XOR ay}

IMP : ¢y — ay = {a| =&, + a1 = &, + a; XOR ay}
FALSE : ay, =0

IMP : a1 — ay = {a} = a1 + as = ¢ip.(a; XOR ay)}

IMP : ay — ay = {a), = a4 + az = (a1.a2) + cin.(a1 XOR az) = cow }

FALSE : a3 =0
IMP : ¢y = a3 ={a} =Cn + a3 =Cn}
FALSE : ¢; =0

IMP : a5 — a; = {d}, = a5 + a; = a; XOR asy}
IMP : a3 — a; = {d}, = a3 + a; = cin + a1 XOR ay}
FALSE : a3 =0
IMP : a; — a3 = {a3 = a1 + a3 = &.(a; XOR a)}
IMP : ¢, — a5 = {as’ = Gy + a5 = &, + a1 XOR ay
IMP : a5 — a3 = {a = a5 + a3 = cin.(a; XOR ay) + Gn.(a; XOR ag)}

= {at = ¢;, XOR a1 XOR ay = s} (A4)
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