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Abstract

As information technologis movingtoward a big data era, the conventional Von Neumann architecture
has shown limitation in performance. This is constrained by the large volume of datadigingously
fetched and stored through inpoatitput (10) devicewhich not only adds performanceralty but power
penalty as well Therefore, it is necessary to bring processing unit as close as possible to memory for
minimizing data transmissioMemristorsprovide dual functionalities of data storage and computing at the
samelocationwithout data tansmissionthereforas one of the most promising candidates for energy
efficientin-memorycomputing.However, being stochastic in nature, variations in memristor device is one
of the major challenges in its use towardsriamory computingln this thess, we demonstrate novel
memristordeviceswith unique characteristicahich could facilitate reprogrammable application bt
densitystorageFurther, we demonstrate thgplications of théabricated memristatevicesfor in-memory

computing with amotive forless sensitiveircuitstowards variations in devices

Inthe first deviceTiO2 and maple leaves (ML) are combined to form a functional layer{MD) inside
memristve devices, which demonstrate both the capacitive effect and theahatile storage capability.
When the voltage increases from zero, the devicé/fiesiters a capacitiveoupled memristive state at low
voltage before switch to normal memristive state at a higher volthgeexistence of capacitive coupled
and memristive belér, modulated by programming voltagermsaunique reprogrammabbevice.ln
the second devigcéormed by Al/TiIQ-GraphenddNA/Pt layers, high performance and stable intermediate
multistate resistive switching behavidrave been achieveBurther, br in-memorycomputing, a high
density memory and multibit parallel logic computations are realized based on the multistate resistive
switching behaviors. This improves data storage capacity and performance fipntth Zespect to
conventionakingle bitmemristordevices when they are used to store binary, dathout any compromise
in accuracy Further,we use AITiO2/Al memristor device, to demonstrate a variation tolesardlog
digital-hybrid matrix multiplicationcircuit, for high precisia and efficient inmemory computing. It was
observed that, in comparison to conventional analog based matrix multiplication scheme using memristor,
the proposed scheme improves the average accuracyl@B&6, with sacrificing power, performance
and areaip to 185%, 8.2% an@®. 2% respectivelyThis work provides a new horizon on the memristor
devices andiill improve the understanding of engineeridgvice and circuits for efficient and variation
tolerant irnmemory computing
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Chapter 1
l ntroducti on

1.1 In-Memory Computing

1.1.1 Need for New Computing Paradigm

Artificial intelligence and machindearning have proven to provide means for severadvanced
applications Recently,variousimprovements and achievements have emromplished througteep
leaningto implement a wide range of applications saslobjectietectionface detectiorself-driving cars,
predictive technologychat bots,self-learning robotsgame playingcomputersetc. [1-9]. Although

machine learning theories have been developed $98@s it was not until the last decade whiée field

started to boom with an explosive scaleexdlworld applications.[10-12].
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Figure 1.1. The trend of increasing power densities and clock frequencies of processfi8].
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One of the key challeng@asthe early daysasinability of hardwarenachines to suppottieseapplications
to process large databasgften with hundred or morparameterassociated with it Fortunately,
continuous CMOS scaling has eventually reached the level to enable the hdodwaptementabn of

deeplearning applications.

The CMOS scalingi.e.,the decreasing size of transistor, has been directly associated with the increase
in frequency of the processor which in turn can speed up the computation. However, as the frequency of
the processor is increased, its power density increases agsvhistorical datashown inFigure 1.1[13],
the frequencynd power omodern processotgve been increasing in a highly correlated manner since
19712.Such trend, however, has started to s&bdar at e
the currenscaling scenarios, with further increase in frequetieypower densitwould becomeoo large
and it is impossible for the chip to cool down by evacudtie®f. Thereforggnymore increase in frequency

could result in damaging the chip. This is the kn@s heat wall and is the first limitation in the existing

computing paradigm.

Memory A := f(A) Processing unit

s

Bank #1

O

\
"o

CONTROL
Control unit
Bank #N

= "bottieneck"

) [R5

FETCH
7 STORE

\_ )\\ — = /,’[ J

Memory wall/bottleneck

-
- et
=

Figure 1.2. Memory wall issue in conventional Von Neumann Architecturgl4].

The second limitation of the scaling is showtrigure 1.2, which is known as memory wdl8,14] The
conventional computers are based onN@umann architecture, where the CPU or the basic processing
unit and memory unit are separdtmwever,in caseof data intensive computation such as deep learning,
a high volumeof data movement between processing unit and the memory is inyelligh causes high

2



latency and power consumptidn addition as the technology is scaled, the gap between performfance o
processing unit and memory is widening, as showrgare 1.3[15]. Thus, increasing frequency further

adds only little to performance in case of data intensive operation, as processing units neatls fior sit
the timethe data is being fetched fraime memory.

Hence the traditionalVon-Neumannarchitecture is no longer efficiemhoving forward Novel

computing architectures are explofed more advanced applications and faster processing

1000,000
10,000

1,000
100
10

Performance

Figure 1.3 Processor Memory performance gap widening &nd[15].

1.1.2In-Memory Computing

Memory A := f(A) Processing unit
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Figure 1.4 In-memory computing paradigm[14].
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As illustrated inthe Figure 1.1humanbrain hasnuch lespower density as well as lower frequency of
operationcomparing withprocessors based on \fdleumannarchitectureyet it is able to solve very
complex problem®ne of the key reasons for such efficieperation ishat the operation of the brain
involves computation and storage of the data in the same region. Therefore, for performing more complex
opeiation more efficientlyit is necessary tehift hardware designs more closer to paradigm of brain. This
has inspired researchers to explorgiemory computing architecture, in which computation and memory
storage takes within the same uai$ shown in igure 1.4. These architectures are termed aneémory
computingarchitectures.

1.2 Memristor

Severalemergingnanoscalememorytechnologiesuch asmemristor,phase changmemory, magnetic
memory,andferromagnetic memorgave been explorddr in-memory computing16].

The memristor was proposed by L. Chua in 1971 basediissing elementn the symmetry of
fundamental circuit theorf17]. The classicatircuit theory is based on four fundamental quantities (i)
current,(ii) voltage,(iii) chargeand (iv)flux-linkage The resistor, capacitor and inductefatevoltage
current, voltagecharge and currefitux linkage respectivelyTherefore, bsed orsymmetry, L. Chua
proposedourth elementelatingcharge anflux, and named it as merstor. Although it was proposed in
1971, the memristor remain unobserved for several decades. ittemtisiedrecently in 2008 in HP labs
[18]. Memristor devices have many attractive properties such as nanoscale dimensions, low power
consumption and newolatile memory19-22]. This makes them suitable for many applications such as

computer memories, programmable circuits archemory computing circuifd.6].

Memristor (also known asesistiverandomaccessnemory,RRAM or ReRAM) is a combination of
two words, memory and resistaks its name indicates, memristor behaves similar to dinear resistor
in asense thatit opposes the flow of charge in the same as resistor does. The difference is that the memristor
has nonvolatile memonyf its stateg19]. So, its resstancevalue changes permanently depending on how
much charge has flown through the device. As long as thwsigmal across the memristisrapplied the
device keeps changing rsgstance. Once the impsignal is removed the merstor will in theorymaintain
its resisganceindefinitely or until input signalis appliedagain.To change theesigance of thedevice
appropriate inpt voltageseedto be appliedor the appropriate duration of time.



The structure of a memristor degics a simple tweterminal structure whera dielectriclayer is
sandwichedetween two electrodesheresistance of the sandwiched dielectric layer is controlldtidoy
potential difference applied acrossthius forming a memristor.

V= +Veormig Top Electrode
00
Top Electrode ’ ) (LI XXX ) LRS:
0% =0 +2e OO Filamentary Conduction
| > N
@ O +2e= Vo + 0% U é()) CF
Forming: O

Soft-breakdown: V=V V = +V,,,.. (unipolar) or -V, (bipolar)

Bottom Electrode

Top Electrode Top Electrode
0. 000 0% =0 +2e 0+2e =0% 80,00

Reset:
With interfacial barrier:
0% Drift (bipolar)

A O $3|0+2e=Vo-+0*  Vo-+0*=0+2e

Set:
Soft-breakdown

Top Electrode Top Electrode

60@
[¢)
Metal Oxide <":D
Freshsample: IRS () Cathode HRS:
()

Bulk Leakage Conduction

Bottom Electrode

Bottom Electrode

oxygen ion
(O oxygen vacancy

O oxygen atom

Figure 1.5. Schematic illustration of switching mechanism of memristof23].

The operation of device can be explained by cond
application of potential adi shewanig.a [&uUrgiontg it d eof reé
el ectroforming process after the device fabricat:i

generate mobile oxygen ions through dielectric b
due to oxggennvabend®dueli @agt noc mhaywrite operation
|l esser than forming voltage, is applied between t
filament and tMMWhendavinegant gyvieoPamge apmmli ined at t or
with bottom electrode grounded, . ThereXygen itdres cm
filament ruptures and the device behaves as a hi

state (HRS) of the device. Si miVdedaagpdpyl,i esxheant at p se
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with bottom electrode grounded, t he conductive fii
resistance device,i swtharcmdbde i st &kmewhLRBRS) | ofw rlees devi
of the devi Veeadidshs &2 dsWeflAt)r geppl i ed across the de
current .

An indeemarli st diravehldr@rg @t | 9i (et @hed eadf current when
is in LRS (lowthebhest amee devatcte) itsoi nf I1BREPB(hi gh

Addi tionally, an ideal memristor shebuhbdllkdawethicgh
with sever al set and reset cycles) and retention
a |l ong period of time) ability. I (120 Willeoscydies) and s h o wn

retention (> 1¢/ears) have recently been achieved in memristor dfifde

1.3 Scope of Research

One of the majohurdlesfor the use of memristor is its stochastic nature including cycle to cycle variations
and device to device variations. This has limited the use of istemyet to be commercialized even though
posing enormous benefitgloreover, there still remains a lot from a materials point of view to be explored
in order toachieve better performance and more stable deesgecially usingoiomaterials which

provides a cleaner source of fabricationthe memristor device.

In this thesis, we will try to address these issnea-memory computing using memristor devicése
thesis will coverdevelopment of memristor device using maple leagebionaterials Further, we will
explore the use of DNA along with graphene, for the fabrication of memristor deuicits application
towards development dfigh-densitymemory andparallel logic circuits. Lastly, we wiltliscuss novel
circuitsfor performingmatrix multiplication using memristor, with the proposed design being more tolerant
towardsstochastic nature of the memristor device

1.4 Organization

The thesis is divided iroir mainchaptersThe Chapter Zoversorief review about theelated workabout
memristor devices and its applicatioms in-memory computingIn Chapter 3,memristor device
development usinaple leaves as a part of functional lagred the behavior of the device under different
voltage rang&vill be discussedn Chapter, high aensity memoryand parallel irmemory logic operations
using memristobased orDNA as biomaterial functional layer along with graphemel TiQ will be

presented. In Chapter Gpvel analoedigital-hybrid matrix multiplication schemi® counter stochastic



natureof the devicewill be discussedased on memristor with Ti&s functional layer.The Chapter 6
summarizes theesearch work and proposes the future work.



Chapter 2
Rel ated wor k

2.1 Introduction

Since thaliscovery of memristor device in 2008 by HPwide range ofnaterials have been explored to
improve the dvice stability, behavior, enduranegd fabricatiormethodsRecently, a lot of work has also
beenparticularlydevotedtowards fabrication of menstor using biomaterials for its easy availability,
cheaper fabrication method agrvironment friendlgourceFrom the circuit and systelevels, memristor
devices have been widely explored foraggplications in inmemory computingln this chapter, wevill
discuss brieflyaboutpreviouslyexplored materials for the memristor in sectioB, 2ollowed by various

applications othememristor in inmemory computing in section2.

2.2 Development of Memristor Device

The structure of a memristor deviceaissimple tweterminal layered structurgvhere an oxide layer is
sandwiched between two metal electro@ssshown in Figure 2. However, the selection of materials and

the fabrication method plays anportant rolen the device characteristics.

‘ Top electrode

~ Oxide layer

% Bottom electrode

Figure 2.1. Structure of memristor device

The materials for the oxide layer can b&rggle uniform oxideayer or a combination of multiple
oxide layer. Broadly, the oxide layer can be categorized as inorganicdaglenrganic layerwhich are

discussed ifiollowing section 2.1.1 and 2.1.2 respectively.

2.2.1 Memristor based on Inorganic Materials

A numberof inorganic metabxides have beeobservedo showmemristivebehavior with majorityof
them are transitiometal oxides, antew are lanthanide series metal oxif23]. It has been observedah
among differentoxides, CuO and W@, shows mostompatiblity with the conventiondCMOS devices
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because aingle additional oxidatiorstageof the Cu or W via/plug isequiredrespectively[23]. The
deposition methods of thessorganicmetal oxides usuallinclude theALD (atomic layerdepositiof

PLD (pulse laser depositipnreactivesputteringandoxidation of a corresponding metal.

TiO: is one of theinitial materialsto be exploredfor the memristorapplication. Yang et al.
fabricated 50nnx 50nm Pt/TiQ/Ptmemristordevices, whichexhibitedstabk switchingbehavior[26].
Strukov et alexplainedthat the switching mechanisof the Pt/TiO»/Ptdeviceis based othe movement
of the positiveharged oxygen vacancigss]. HfO: isalso a excelleninemristomaterialand its explored
widely for its applicationin memristortechnology In the primary stage of HfQ based memristor
investigation the TiN/HfQy/Pt structure isypically usedto achieve thenemristivecharacteristicf27].
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Figure 2.2.TiN/TiO 2/HfO2/TiN memristor behavior (a) I-V characteristics (b) switching endurance
[28].

H. Lee et al. usedombination of TiQ and HfQ as oxide layer for the fabrication of memristor.
Thetypical Ii V curveand the variation in resistance with switching cyclethefabricated memristoiis
shownin Figure2.2[28]. The resultantiN/TiO2/HfO2/TiN memristorwith highspeed operatioshowed
largel rdIHrsratio (> 100), reliable switching endurante 1 cycleg, long hightemperature lifetime,
and high device yield~100%).

Among other materialsil.Os based memristobehavesvery similar to that of HfO. based
memristorin many characteristicAdditionally, Al.Oz based memristor alshiowed unique characteristics
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of the low reset curref23]. Using Al/AIO o/Ptmemristor deviceyWu et al. first demonstrated low reset
current down to~1 uA [29]. Further Kim et al. dopedhe AlO, with nitrogen and achieved even lower
resetcurrent € 100 nA). The low enerdgowerconsumption oAlO2 basednenristor is astriking feature
[30].

2.2.2Memristor based on Organic Materials

In comparison to memristor with inorganic oxide layer, the oxide layer based on biomaterials are relatively
less stable, have lower endurance and lowe¥Inrs ratio. However, the major advantage of using
biomaterials for the fabrication of memristorits easy availability, cheaper cost of fabrication and

environmentallyfriendly sourcg16,31].
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Figure 2.3. Silk based memristor behavior (a) +V characteristics (b) Endurance test[32].

Hotaet al., demonstrated fabrication of memristor based on biomatesiia¢snatural sillcocoon fibroin
protein of silkworm, Bombyx moifi32]. Additionally, the film developed was transparertoss most of
the visible spectrumTO and Al were used as t@md bottom electrode. TheM characteristics of the
device is shown in Figure 2.3a. The endurance test of the device is shown in Figure 2.3b. It can be clearly
observed that in comparison to device based on complete inorganic oxide layer (shown ir2. B)jgure

device based on biomaterials shows lesser endurance with cycle, and hds:lgwesratio.
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B. Sun et al.demonstratedabricaion of memristor with natural biomaterialsadefrom spider silk
(fibroin) developingAg/Fibroin/Au structurewherethe device showel rdlHrsof 60[33]. Chen et al
fabricatedmemristorwith egg albumenfilm Al/fegg white/ITO structurewherethe device showekdrdlirs
> 10P[34].

Mao et al. demonstrated environmentally frien@isd sustainableio-memristor device with Ag/walnut
skin (WS)/ITO structurdnterestingly, the fabricated device exhibiéedbverwhelming capacitanedecs
in the bio-memristor devicg35]. Xingli He et al.,demonstrated use &fgg albumen as the dielectric, and
dissdvable Mg and Was the top and bottom electrodesspectively in order to produe&ter soluble
memristorg36]. The device showeldrdlHrsratio in the range of 2610 It was further demonstrated that

the Mg and W electrodes, and albumen filncah be dissolved in water within 7@urs.

Ham et al.demonstrated tunable memristor using light illuminaf8¥j. Thefabricated device consisted
of organolead halide perovskite (OH#) dielectric layerin which theresistance staie modified by bth
electrical pulses and light illumination. Owing to #teelerated migration of the iodine vacancy inherently
existing in the coate®HP film under light illumination, the OHBaseddevice exhibied light-tunable

resistivityfunctionalities with very lav programming inputs30.1 V).

Ku et al.,reported the use ofrganicinorganic hybrid perovskite materialer the fabrication of
Ag/MAPDIs/FTO memristor{38]. Further they demonstrated the use of fabricated device for neuromorphic
computing.The results showed that thdth energy consumption of the MAP$sbased memristdo be

estimated as low as 47 @2, which as close as human brain

The conduction mechanisms observed for the memristor based on organic materials remains same as
memristorbased on inorganic materials (formation and rupture of conductive filaments), which was
confirmed by SEM imaginflL6,23,31] Generally, for the deposition of biofilm, spin coating methed w
used in above cases, which makes the fabrication step verj323y]. However, the inability to control
film thickness andnhaintaining filmuniformity using spin coating deposition, is one of its major drawbacks.
Therefore, the device shows lesser endurance and retention ability in comparison to inorganiosxide fil
However, other than cheaper fabrication arantainingcleanerenvironment, the organic materials based
memristor also addextraordinary features to the device, which makewieworthyto be investigated

further.
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2.3 Applications of Memristor for In-Memory Computing

As discussed in chapter 1;imemory computing is to perform computation within the memory blocks. As
shown in Figure 2.4, there are several aspects related to computations within the memory [16]. In this
section, we will brieflyexamine tle different digitaland analogcomputing schemes that have been
proposedThe most important element of-memory computing is development of higknsity memory
architecture. We will discuss various recent advancements in 2D, and 3D memory architastdasb
memristor devices in section 2.3.1. Fommemory digital computing, imemory logics are also being
explored for implementation of general logic computation within the memory. Memristor provides various
alternativeto carry out digital Boolean opations which will be briefly reviewed in section 2.3.2. One of

the other important innovations in-memory computing is the development of hardware based neural
networks and deep learning within the memory, which deals in TBs of data. The hardwanedntation

of such inmemory computing based machine learning applications, has shown promising results in terms
of performance improvement and power reduction in comparison td\éamann architecture [16], which

will be discussed in section 2.3.3. In $e6t2.3.4, brain inspired computing or neuromorphic processors
within the memory will be discussed, which relies on fundamental principal of working of brain, and is one
the major focus of recent study oRrimemory computing.
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Figure 2.4. Aspects ofin-memory computing[16].
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2.3.1Development of High-Density Memory

The memristor device is widely explored as atatile memory in various computing architectures,
largely due to its smaller area, high packing density, low power, high switching speed antpsilility

with conventional CMOS device. The data is stored in form of resistance state of the device. Broadly, the
use of memristor as nevolatile memory can be categorized as analog memoryigitdianemory.

Generally, a crossbar structure is agfil for memory using memristor, where top electrode forms the word
line and bottom electrode formsthe bit line, and the memristor device is formed at junction of each wordline
and bitline.For digitally storing data in memristor, Os and 1s are storeatim fof HRS and LRS
respectively39-42]. For writing data, &set0r Viesepotential difference is applied across the device through
word line and bit line. For reading the datd/:a.q pulse (generally lower thaWke{2 andV/ese{2) is applied

atthe word line and current flowing through bit line is sensed to determine the stored resistance state of the
device[44].
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Figure 2.5. Thecolour map of the readout conductance with areading voltage of 3 ¥sing memristor
based on hexagonal boron nitri@ and graphend44].

However, it has been demonstrated that memristor could be used in more efficient manner in an analog
way, where more information can be stored in a single memristor. In this, intermediate resistance states are
being explored tstore data. The use of memristor in analog way helps in reducing the area of the memory
significantly[44, 45]

L. Sun et al., demonstrated use of memristor as memory in an analog way as shown in%rigure 2.
where a 12x12 crossbar structure was usedte stata in form for conductance. The device used for the
demonstration based on hexagonal boron nitride and graphene, swithrs ratio larger than 10[44].

However, the use of memristor as memory in analog way also creates issue of precision @uniory m

write operations due to stochastic nature of memristor dgic48].
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Planar peripheral circuits

(b)

Figure 2.6. (a) The schematic of 3D vertical memristor array[49]. (b) The schematic of stacked
memristor based memories with peripheral circuit[50].

Other than planer crossbar structure, a lot of research has also been focused on developing
architecture in 3D manner to incredise memory density, as shown in Figure [2.9,50] The Figure Za
shows stacking of memristor positioned vertically over anethef{49]. TheFigure2.6bshows stacking
of memristorayer over the othdgb0]. The integration of memristor in 3D architecture manner increases
the memory density; however, it makes the fabrication process significantly more complex and potentially

more expensive.

2.3.2In-Memory Logic

In thepast two decadesr-memory digital computing has focusedidantifying novel logic gateoncepts
with lower energy and araansumptiorf16]. Resistive switching devicesuch asnemristor provides a
number ofadvantages in digital computinigcludingdirect access by interconnect lines, the capability to
electricallyreconfigure the device, and nanoscale miniaturization. Figidrendws variousnethodgo
performdigital Booleanoperationsisingmemristor differing by the inputype, the outputype and the
physical operation to describe the logic functibi+53].

In the logic gateof Figure 2.7a, the two input states X1 and X2 are represented by the voltage
values applied to the top and bottom electrodespectivelywhile the output of the logic operation is
stored as the resistanocethememristor device [51]The output of the computation is tresistive state,
namely a logic value O for the HRS, and 1 for the LiRBere thenemristordevice is initalizedto state 1.

One of the major drawbacks of this method is the requireaiesginse amiier to detect the state of the

device, and the conversion of resistive state to voltage state for the operations. Figure 2.7b shows the inputs
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and outputs for iplementation of IMP logicThe IMPo r fi i mp is & fuldamgntat biit powerful

Bool ean | ogic operation on two operanp)s OR @d.d
Vuo
l Befo
L input = Q
VCOND VSET After operation:
output = Q'
P o G|
M#* Lower cell
& Before operation:
Ftn;u:! P
£ After operation:
L RG n'.}'.[‘l:"‘ P'
G—(
(a) () (e)
In In Out
X, X, Y P g q P 0
0 0 1 0 0 1 0 0 1 0
0 1 1 0 1 : 0 1 0 0
1 0 0 1 0 1 0
1 1 4 LI . 1 1 1 0
1 1 1
(b) (d) (f)

Figure 2.7. (a)Vi R logic gate based on memristor, and (bgorresponding truth table for material
implication (IMP) operation [16]; (c) The basic gate/latch circuitbased on memristor, andd) The
truth tabl e f[62; (e 2T2R logidspuctivt®with backto-back RRAM pair, and (f)
corresponding tuthtab |l e f or P/ Q and,6 GoG)Qo6= when qQVv 1, 1) :
Q6=0 (bit set). P6=QYO0 (NOTH3l.operation is highl

The logic gate in Figure 2.7c, is fully resistance based logics, where the inputs are stored initially in
memr i stor p and gq. Bit 0606 is stored in form of
IMP function a pulse o¥condandVsetis applied to p and g respectively, and the final result is stored in form
of resistance state of q. Figure 2.7d shows the truth table for the operation of IMP function using logic gate

shown in Figure 2.7c.

The Figure 2.7e shows another example fully taste logic, based on memory ratioed logic [53]. In

this, two memristor are connected back to back and are initialized to inputs P and Q. After application of
15
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appropriate voltage pulse, memristor P stores the final resistance state &sHPan@® Q =0 as shwn in

truth table 2.7f. The basic principal behind is the voltage drop across the memristors based on its initial
input resistance values.

2.3.3Machine Learning Accelerators

One of the important uses of memristors formemory computing is in machine leargin
accelerators for faster and efficient matrix multiplication using crossbar & psdararrayconsistof
multiple intersections betweenrthogonal row and column electrodes, each intersection contaning
memristorelemen{16]. Thecrosbarmemores are extremely attractive to reduce the bitsie#, as the
individual device area is just 4Rwhere F is the lithographfeature size in the process technology. From
the viewpointof in-memory computing, the crdsar array naturally providea hardvare accelerator for
analog matrixvectormultiplication (MVM). Figure2.8illustrates the concept of MVM ia crosbararray,
where a voltag®/ is applied to th¢th column,withj= 1, 2, e, N, where N is
columns.The voltageinduced currents of each resistive element are collesttdtie grounded rows,
yielding a total current

li=%x;GjV (21)

at theit" row, whereG;; is the conductance of the resistive mematrgowi and columrj. Equation 2.1)
is the analog product of tleenductance matri®;; and the voltage vectdf;, which implementahardware
based MVM via Ohmés [B&Aw and Kirchhoff &s | aw

Crosbar MVM can be adopted for a broad range of problemduding image compression, sparse
coding, and implementatiaf artificial neural networks (ANNS), whef&; has the meaningf a synatic
weight,V; is a presynaptic spike amplitude, ahds the input signal to thig» neuron.

The time consumed in computation of complex algorithms in machine learning and deep learning is
dominated by repeated matrix vector multiplication on hugea dat. A separate hardware for matrix
multiplication inside memory provides huge boost in performance of machine learning algofiiems.
analog MVM in the crodsrcan be carried out in just ostep, as opposed to the digiGVIOS based
MAC operation, which is a timendenergyconsuming step in classical computers. Note that a significant
amount of energy for crdsarbased MVM is spent iroperating analoguto-digital converters that
transform the digitahput vector into analog volgeesV; in cases where the input of the calculations does
not come directly from analog sensors, or wharther digital processing of the output is neeft]55]
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Figure 2.8. Matrix vector multiplication using analog crossbar array memristors[16].

CrosbarMVM has one of the major disadvantages in terms of precision as it relies on memristor devices,
which are stochastic in nature [48,55]. The precision is least of intermediate resistance, when performing
analog matrix vector matrix multiplication.ndther method, proposed bgibin Ni et al which performs
MVM on memristor crossbar array in digital way, where memristor is programmed only to HRS and LRS,
thus avoiding the precision issues shown in Figure 2.9, the method is based on four major [§&&6].

The first step igalled parallel digitizing, which requirésx N memristorcrossbars. The idea is to split
the matrixvectormultiplication to multiple innefproduct operations dfvo vectors. Each inner product is
produced by onenemristorcrossbarAll columns areconfigured with same elements that correspond to
one columntherefore th@oltages on bitines (BLs) are all identicallhe key to obtain the inn@roduct
is to sethddertypesensing threshold voltages for each column

The innefrproduct output of parallel digitizing step is determibgdhe position wherthe result of first
stepchanges from 0 to 1n the second stepXOR operations performedor every two adjaent bitson
the output of the first stepvhich giveshe result indexThe third step takes the output of XOR step and
produces in binary format as an encodére last step is comprised of addition of all inner products.

In contrast to analog MVM usingnemristor crossbar array, this method provides better precision and
consumes lesser area, with penalty in power by 3.12x [55].
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Figure 2.9. Digital Matrix Vector Multiplication using memristor crossbar array (a) Parallel
digitizing step of RRAM crossbar in matrix multiplication . (b) XOR step of RRAM crossbar in
matrix multiplication . (c) Encoding step of RRAM crossbar in matrix multiplication (d) RRAM-
based innerproduct operation [55,54.

2.3.4Neuromorphic Computing

Similar tofunctioning of brain, in addition to performing all the computation within the memory,
the neuromorphic computing is based on mimicking the brain synapse on hardware. Various models such
as leaky integrate and fire, Hodgktuxlex, integrate and fire molde etc have been proposed to imitate
functioning of brain to implement neuromorphic computingvarious research papers, memristor is used
as implementation of synapse {64]. Inside the human brain, to neurons are connected through synapse.
In neuromephic computing, weight between two neurons (or the connection between two neurons) is stored
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in form of memri stords resistance state. The
STTP is one example of weight update rule [60].
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Figure 2.10. (a) memristor-CMOS synapse with 2T1R configuration. (b) voltage waveforms for
and Vre applied by the pre-synaptic neuron in the spike event (c) and overall circuit including the
synapse and the preand postsynaptic neurons. The overlap betwen \cc and Ve pulses causes a
negative current proportional to the synaptic weight, which is integrated by the possynaptic neuron
and eventually contributes to fire[60].

Figure 2.10 shows implantation of leaky integrate and fire model using memristoF|[Gak
2.10b shows the voltage 8¢ applied to the gate of the communicatgate and e to the top electrode,
which are both applied by the psgnapticneuron in the spike event. The applied voltage spikes in the
figureinduce a spiking synaptic current, whishgroportional to the conductancethe memristor thus
serving as a storage element of the synamight. The synaptic current flowlsrough the synaptic circuit
and isfed into the input terminal of the pesynaptic neuron, where integratiamd firetake place as shown
in the schematic circuit of Fige2.1Qc. As the integrated current exceeds a certain threshold, the post
synapticneuron fires, sending a spike to the following neurons in the netasriwell as applying a
feedback spike to the figate.
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Several neurons are connected together, forming virtual brain on hardware, which forms basis of
neuromorphic computingwhich is apromising candidatgor the next generation of computing

technologies]57-60].

2.4 Summary

The memristor providean efficient hardware technology to perforim-memory computing in terms of

power, area, speed and functionalilowever, the roads are not straight forward, rather it is full of
challengesuch astochastic nature of the devjd¢abrication of 3Darchitectureetc.In this thesis we will

discuss the fabrication of memristor using maple leaves along withldy@r, where the device shows
reversible capacitive coupled and pure memristive behavior, modulated by external voltage. Further, we
will discuss the fabricated device using graphene as interlayer, where the device shows great potential for
multi bit memory, rendering the need for 3D memory architecture moot. Lastly, we will discuss novel
design for machine learning accelerator using memrigtibh, better precision and more tolerance to
variation, at the moderate expense of power, performance and area.

20



Chapter 3
CapaciCobupbked MeBahaviioore Dagadnamgani c
Het er ojuncti on

3.1 Overview

The reprogrammable device is one of itm@ortant neeslfor circuit design. In this Chapter, Ti@nd
maple leaves (ML) are combined to form a functional layer {MD) inside memrisive devices, which
demonstrate both the capacitive effect and thevudatile storage capability. When the \ae increases
from zero, the device firlst enters a capacitiveoupled memristive state at low voltage before switch to
normal memristive state at a higher voltafiee exisence of the capacitive behavior results imoa-zero
crossing 4V characteristidifferent from the zer@rossing curve observed in normal menivistlevice.

3.2 Introduction

Both memristor and capacitor share a similar-teroninal structure with a dielectric layer sandwiched
between two metal electrod&$hile ideal capacitor has a tketric layer with infinite resistance, resistive
paths form and rupture inside the dielectric layers of memrisibts, the memrist could demonstrate
capacitance characteristic during a unique/extreme phase of op¢f&i@6]. That is to say that the
capacitive effect and the memristive effect can evolve with each [@Fer

In previous reports, the capacitive effect was usually submerged by the high current density caused by
the formation of conductive filament88]. That is,after the conductive filamemtas formed between the
topelectrode and thieottomelectrodejt will shortcircuit the capacitive effect, thereby exhibiting a pure
memri stive effect. I's groupsaniploasizedatimatithe Yedox teactiauieed bR u p p 6
moisture at the interface/surface plays a leadingfoslehe generation of capacitive state in a memristive
device[69-71]. However, moisture does not provide a reliable way to precisely contraléetonic
behavior. In additionmoisture shald generally be avoided in the operation of electraoleizicebecause
moisture often causes the failure of electronic performance. Besides, the previously observed such
behaviors provide very small difference between meivgstates of the device to heed in applications.

In this Chapter we proposed a new device structure which uses voltage to control the device evolving
between capacitive behavior and pure memristive behavioonrfiamicinorganic leterojunction provides
better stability and a great difference between the resistance states of memristor device. Based on

theoretical analysis, a physical model is proposed to understand the evolution process.
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In the following section &, we will discuss device fabrication steps and its charactenzdticsection

3.4, we will discuss the results, followed by conclusion in sectién 3.

3.3 Device Fabrication and its Characterization

The preparation process thfe organicinorganic leterojunctiordevice with Ag/TiQ-ML/AI structure is

shown in Figure3.1.
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Figure 3.1. The preparation process of organieinorganic heterojunctiondevice with Ag/TiO>- ML/AI
structure. (a) masking for bottom electrode deposition (c) Al sputtering for bottom electrode (d)
formation of bottom electrode (e) deposition of bio film using spin coating method (f) Tigfilm layer
formation over bottom electrode (g) Al sputtering for top electrode (h) device formation

Firstly, glass substrates were cleaned subsequently in acetbaeol and isopropyl alcohol, and dried
under nitrogen gas flowVe use the shadow mask process to depotibmelectrodes. The mask is placed
on the clean glass substrate, and the Al bottom electrode with a thickness of ~200 nm was deposited using
sputtering. Next, the mask wasmovedandbiofilm made of maple leaves was deposited using a spin
coating techniquelo prepare bidilm layer, we extracted the ultrafindL powderfrom maple leaves by
multiple grinding and suction filtration methqds sown in Figure3.2 Then we prepared a ML solution
for thedepositionof ML film by spin coating on glass substrate witihe Al bottom electrodeThe sample
was then allowed to dry in the oven for ~24 hours in order to remove any moisture, followesl by th
deposition of second oxide layer Bi@ith the thickness of ~20 nm using sputterifgnally, the top
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electrode Ag with a thickness of ~300 nm was deposited using sputtering with the mask rotated by 90°
compared to the bottom electroden Arganieinorganic heterojunctiormemristive device with Ag/Ti®

ML/AI structurewas obtained following these stegn optical photograph of thasprepared device is
shown in Figure3. 3.

Figure 3.2. The preparation process omaple leaf solution formemristor. (a) Maple. (b) Maple leaves
(c) Maple leaf powder. (d) Maple leaf powder solution

Figure 3.3. The gotical photograph of the asprepared device

To study the memriste device behavior, we connect the bottom electrode to the ground anapthign
voltage sweep at the top electrod¢hieorderofOVY 1. 0 V M . ® W vifying linearly at

a constantate of0.1 V/s. The experiment is repeated by increasingdhage rangeBom £1.0 V t0+3.0

V, £5.0V, andt7.0 V, respectively. Finally, thexperiment is repeated by changing the voltage sweeping
rate.

3.4 Result and Discussions
The IV curveswith Vimax= 1.0V, 3.0V, 5.0V and 7.0V arepresented in Figuré.4a,c, e, g(linear scale)
and Figure8.4b, d, f, h(logarithmic scale), respectivelyh&se 4V curves with 36 100cycles are shown
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in Figure3.5. At Vmax= 1.0V, Figure3.4ashowsthat hel-V curve is norzero crossing and doestiave
point of intersection. It is known that this naaro-crossing #V curve indicates that a capacitive effect is
present in the memristgr2-74.

Current (LLA)

Voltage (V)

Figure 3.4. (a, c, e, g) The4dV curves under different voltage windows. (b, d, f, hYhe corresponding

logarithmic 1-V curves. (i) The I-V curve at 1.0 V under different voltage change rate. (j) The
corresponding logarithmic I-V curves.

WhenVmaxis increased t0.8 V, it canbe observe that there is a crossover behavior in thé |
curve, and the intersection is in the first quadrant (Figut®. However, this-V curve is still norzere
crossingWhen continuing to increase the test voltagéde= 5.0 V, the FV curve shows two crossver
actions, as observedom Figure3.4e, and the two intersections are in the first and third quadrants,
respectivelyThis is when the device transits from capacitive behavior into capactiveledmemristive
behavior.In order to further observe the change of thédurve at a higher voltagtheVmaxwas further

increased to.D V (Figure3.4g). The standard memristive behavior is observed with a-@erssing 1V
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hysteresis curvélhese 1V characteristics are repeatabidich can beontrolled by the selection ®max
By increasingVmax the proposed device evolves from a capacitive behavior to capamiinded
memristive behavior and eventually to a pure memristive behavior.
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Figure 3.5. The |-V curves for multiple cycles (a) 100 cycles under voltage window of 1.0 \(b) 80

cycles under voltage window of 3.0 Y{c) 50 cycles under voltage window of 5.0 \) 30 cycles under
voltage window of 7.0 V

Besides, tainderstand the capawie effect in the capacitiveoupledmemristve device different
voltagesweeprates (dV/dt) of 0.20, 0.10, 0.07, 0.05 ar@gl04 V/s are applied with/max=1.0V. These
results are shown in FiguBedi (linear scale)andFigure3.4j (logarithmic scale)The bottom electrode is
grounded, and voltage sweep is applied at the top electrode foi GLOV Y OV Y -1.0V. In a
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capacitor, I” dV/dt, it is consistent with thee results shown in Figur8.4i. This further proves the
occurrene of capacitive effect in the device at low voltage

The endurance test and the retention test of the device was performeddardstaremristor
behavior, when the voltage sweeping window is variedldsY 7.0V Y 0V Y -7.0V. The endurance
test of the device measured at reading voltage of 0.25V is shown in Figurél®&ast shows that cycle
to cycle the device shows small \&tions in resistance stat@$e retention test of the device measured for
1000sec for HRS and LRS state of the device is shown in Figurelh@lest shows the device is able to
retain the resistance state without much degradation.
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Figure 3.6. (a)Theendurancetestof the deviceat Vread of 0.25 V.(b) Retention test of the device

To understand the conduction mechanisnAg/TiO2-ML/Al device, we replotted the 4V curves in a
logi log scale (with |V| for negative voltageay shown in Figur8.7, and perform linear extrapolation to
each section of the curves. Based on the fitting re$tiks/ery obvious that themresections in the log
log I-V curves withnegative slopes (e.g0.15,-4.15 and-2.05) wherthe devicastested amax=1.0V,
3.0V, and 5.0 VHowever, no negative slopeobserveavhen the devices tested at 7.0 VT he appearance
of these negative slopis most likely due to the' Y behavior of a capacitive devigé2-75]. When the test
voltage is low, no conductive filament exists in the dieledaiyer. Thus the capacitive effect dominates
in the proposed device. However, when the external voltagerisased to.D V, a conductive filament

was formed in the functional layer of the device, which shortsghandbottomelectrodes of the device.
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In this case, the current is dominated by conduction current, causing the capacitance effect to,disappear
thereby exhibiting a pure memristive effect with positive slopes idgd-V curves.
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Figure 3.7. (a, c, e, g) Experimental data and fitted lines of-V curves of memory device in positive
voltage region. (b, d, f, h) Experimental data and fitted lirs of FV curves of memory device in
negative voltage region.

In addition, we further analyze the case of a positive slope. We can see iatrticeconduction
behavior (slope of ~1.0) occurs in the positive voltage region when a low voltage is appiedlevice
(Figure3.7g). However, the devicebeys the spaeehargelimited conduction (SCLC) behavior (slope
2.0) in thenegativevoltage region when a low voltage is applied to the dgWmure3.7h), indicating that
electrons are conducted frohretunfilled SCLC of the trap change to the trap filled STZ6-79]. It obeys

the following equation

0 - (3.1)

wherelis the current density is the permittivity of free spacéljs therelative dielectric constant,is the
mobility of chargecarriers,V is theappliedvoltage, andl is the thicknessf thefunctional layer At the

same time, we can observe largbpes (~3.15 and ~4.0&n the high voltage range. This larggope

reflects thecurrentdensity and energy distribution of the trap. That is to say, a conductive filareent
formed in the functional layer at a high voltagethis point, the capacitive effect completely disappear

Based on the above analysis, it is thus expected that the main conduction mechanism in our device would

27



be thetrap-controlledSCLC by the defects and formation of conductive filaments induced by oxygen
vacanciesand Ag iondnside the TiG-ML bilayer film, as shown in Figur8.8.

Al

Ag'er Vo'@ ¢ @ Hole
A J

Figure 3.8. Schematics showing the electrons and oxygen vacancy diffusion processes. The conductive
channel is multilevel formed under high voltage district (HVD).

Figure3.8illustrates the carrier transport mechanism inTi@»-ML bilayer film, which display
theconversion of the deviceetweerhighresistancetate(HRS)and the lowesistancstate(LRS)in the
low voltage district (LVD) and the high voltage district (HY,Despectivelylt can be saethat when a
positive voltage is applied to the top electrode of the device, a positive cmtgding oxygen vacancies
(Vo?*) and holeswill move toward the bottonelectrodealong the direction of the electric field aad
negative charge region will be shielded at the bottom interface. At the same time, the anode dissolution
reaction equation of Ag atonmsthetop electrod®ccurs according to the reactif80,81].

Ag Y*+eg (3.2)

The pogive and negative ions moving in the electric field carry displacement current, which leads
to the capacitive effect at the low voltage in the functional layer (Fi§)8ee b). The displacement current
exhibits a norzerocrossing VvV curve. Moreover, aghe voltage increases, the ion concentration

correspondingly increasashichfurther changes the memristive behavior (the circular direction of the |
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V curve) because of the internal electromotive f¢8&, thus exhibiting a different mode of capacitive
coupled memristive effect in our device.

At high voltages, the device generates Joule heat ladadiyo high currents, which enhances the
mobility of Ag ions and oxygen vacancies, and the high electrid fteh effectively accelerate the
migration of electrons and iofi83-85]. After it reaches a certain threshold, it will eventually form Ag
conductive filaments and oxygen vacant conductive filamiaside TiQ-ML functional layer (Figure
3.8c). Oncethe conductivefilamentswereformed, it provides a path for the conductive current to travel
between the two electrodes, overwhelming any displacement current. At this time, thaveapHeitt
completely is largely suppressed, showing a pure memristivet effiter the voltage polarity is inverted,
the Ag ionsand xygen vacancy will be pushed back to tbpelectrode due to the Coulomb repulsion
effect, resulting irthe conductive filament to be partially dissolved to form a large gap in the functional
layer[86-88]. The carriers of the conduction current are expected to tunnel through this gap. Hence, the
device returns to thdRS dter such a reset proce@sigure3.8d). This process at high voltage is similar to
those reported in the standard menmresdevice

3.5 Summary

In summarythrough the organinorganic teterojunctiordevices fabricated using Ti@nd naturamaple
leavesasa functional layer, v& proposed a novel memristigevice which showsapacitivebehaviorat

low voltages and normal memristive behavior at high voltagedher, aieoretical analysis is provided

to explain the operation and behavior of the devithe existence of capacitive coupled and memristive
behavior, modulated by programming voltage, could provide way for new reprogrammable devices for in
memory computing.
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Chapter 4
Hi gh Density Me meMeymoarnydb hta & @ri aapmhte n e
asnterl &yéeSiaMemri st or

4.1 Overview

Asinformation technology moves toward a big data era, the conventional Von Neumann architecture
has shown limitation in performance. This is constrained by the continuous large volume of data being
fetched and stored through inpoutitput (I0) device[89, 90]. Therefore, it is necessary to bring
processing unit as close as possible to memory for minimizing data transnisioristorsprovides
dual functionalities of data storage and computing at the same position without data transmission
thereforeis one of the most promising candidates for energy effiaientemorycomputing.In this
chapter we demonstratememristordevice, fomed by Al/TiG-GrapheneDNA/Pt layers, with high
performance and stable intermediate multistate resistive switching beh&wiaas.observed that the
asynchronous conduction by either oxygen vacancies migration or injected electron transfer is
responsiké for the multistate resistive switching behaviénstther, brin-memorycomputing, a high
density memory and multibit parallel logic computations are realized based on the multistate resistive
switching behaviors. This improves data storage capacityparformance up to32with respect to
conventional memristor devices when they are used to store binary data. This work provides a new

horizon on the multistate resistive switching and the complete logic hardware.

4.2 Introduction

Recent research has been dedoto design advanced biomateiti@sed resistive switching devices
in order to achieve sustainable, environmefriahdly and biodegradable electroni8g-36,77 91-).
Unfortunately, the performance of pure biomatebi@sed resistive switching devisausually inferior
compared to inorganimaterialsbasedccounterparts. This is because biomaterials are prone to degrade
under the electric field or via chemical reactions with water molecules in the air, which ultimately leads
to the failure of devicd94, 95]. Therefore, inorganiorganic multilayer structures, as functional
materials in resistive switching device, have recently attracted great attention. These hybrid structures
can achieve better performance in terms of HRS/LRS resistance ratiapregent cycle stability96-
98].

Since resistive switching behavior firstly reported in J&Jew decades ago, it has been observed in
other semiconductor materials systefd8,99,10Q. Meanwhile, DNA, an organic compound of
deoxyribonucleic acid, is a thaal, renewable, and biodegradable biomaterial which shows potential in
light emitting diodes and field effect transist¢f®1, 102]. Recently, DNA has been reported as a
functional layer in resistive switching devices which exhibit good merbehaviors[103, 104].
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Moreover, graphene has different electron conductivity along horizontal and vertical directions of the
basal plane, which can be used in advanced electronic d¢li@®sl06]. Here, we design a new
inorganicorganic TiQ-GrapheneDNA hybrid multilayer, as a functional layer to study its memory

behaviors in resistivewitching devices.

In thischapter we explore, for the first time, the behavior of inorgaoiganic TiQ-GraphendNA
hybrid materials in nowvolatile resistive switctmg devices. Iwas fabricated with a simple capacitor
configuration consisting of Al/Ti@GrapheneDNA/Pt. We demonstrate that this memristor has
advantages in imemory computing by achieving parallel computing, higher storage capacity, and
improved areaavings. In the previowgorks, memristors were used as planer digital memory (storing
binary data in form of either HRS or LRE39-42]. However, the memory density in case of using
memristor as planer digital memory remains poor as only single bit catobed in memristor.
Furthermore, it was also demonstrated that memristors could be used in multilevel way, where device
is used in analog mode by utilizing intermediate resistance state of the @ieyit®e]. However, the
accuracy and precision of wrigrdata in form of intermate resistance state of the device is very poor
[46-48]. In order to achieve higher memory density and higher accuracy, 3D architectures were
proposed, which makes the fabrication steps compli¢d8:80]. In this chapter, we demsimate high
density memory can be achieved by storiAgt8 using fabricated device Al/TiGrapheneDNA/PY,
without any compromise in accuracy and maintaining easier fabrication method. Further, we
demonstrate the cell can be used perform two simultareaerations at a time. Compared with other
in-memory computing techniques, this memory system has great advantages in parallel processing,
power reduction and area savingbe describedesistive switching device has stable muésistance

states, whicltan process up to two parallel operations in a single memristor.

4.3 Device Fabrication and its Characterization

y

Figure 4.1 The preparation process ofmemristive device with Al/TiO2-Graphene-DNA/Pt
structure.
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For the device fabricationirétly, glass substrates were cleaned and dried by nitrogen gas flow.
Subsequently, a layer of Pt was deposited on the glass substrate by magnetron sag&rown in
Figure 4.1 Then an organic DNA layer was sginated onto a bottom electrode Pt. When {hie-s

coated DNA was completely dried, a layer of graphene was deposited on the DNA by solution method.

Then, we deposited a layer of titanium dioxide (@i@m on graphene by magnetron sputtering.
Finally, a mask was used to deposit atop electrode AlIWiB OO nm t hi ckness and
a result, we got a resistive switching device with Al/FiGrapheneDNA/Pt structure. The current
voltage (FV) properties were measured usimpetectrochemical workstatigmvhere a pulse is applied

at the top adctrode of the fabricated device, with its bottom electrode grouBdadarly, deviceswith
structureAl/TiO 2 /Pt, Al/ DNA/Pt, andAl/TiO >-DNA/Pt were fabricated and their\l properties were
measured.

4.4 Device Characteristics and Study of its Mechanism
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Figure 4.2. (a-d) I-V curves for the first cycle.(al-d1) corresponding logarithmic I-V curves.
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The Figure 4.2 presents typical first cycle-V characteristics of foufabricateddevices
(AI/TIO2/Pt, AI/DNA/Pt, Al/TiO.-DNA/Pt and Al/TiG-GrapheneDNA/Pt) under the voltage sweep of
0O V. Y 5.0 V Y 0 V ¥cungkwith mure tian 000 &yclés Shaweain Figure
4.3. We can observe that thevicurve given after many cycles (>100 cycles) is nearly identical to the
curve obtainedn the initial characterization, indicating excellent endurance of the resistive switching

device. The correspondingM curves of Figurel.2a-d in logarithmic form are displayed in Figure
4.2al-d1.
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Figure 4.3 (a-d) The I-V curves with 100 consecutive cycles. (edl) The corresponding logarithmic FV
curves.

The |V response curves of these devices show obvious changes with different device structures in Figur
4.2. As the number of active layer increases, the loop of-Meurve becomes larger. In particular, for Al/BO
GrapheneDNA/Pt device (Figurd.2d), when an external voltage is scanned from 0 to 5.0 V, the device switches
from HRS to LRS after two set processes around voltage of 3.05V and 4.25 V. After thiotratistLRS would
not change until a sufficiently large opposite voltage is applied. The resistance state returns to the HRS after it go
through two reset processes happening around voltagesiéfVV and-3.75 V. The two set and two reset processes

appear in the opposite voltage regions, indicating that th@regsared device displays bipolar multistate resistive
switching memory performan¢07].

The uniformity of DNA film is critical for the device prepared by spoating method. This may affecith
stability and reliability of the switching operation. To evaluate the stability-pireygared devices, we randomly
characterize the resistance switching characteristics at different locations of the devices. Fitting to Gaussia
distributions, Figuré.4 shows the medians of the set voltages in each type of devices are 4.85 V {/Ri)[iQ40
V (AlI/DNA/Pt) and 3.30 V (Al/TiQ-DNA/Pt). By nonlinear fitting, the medians of the reset voltages in each type of
device are4.5 V (Al/TiO2/Pt),-3.85 V (AI/DNA/Pt) and-3.80 V (Al/TiO-DNA/PY), respectively.

However, for Al/TiG-GrapheneDNA/Pt device, there are two distinguished peaks, with median set voltages
(3.05 V and 4.25 V) and two peaks of reset voltages (median val8&’ stV and-2.45 V). Since the set and reset
voltages correspond to the write amdse operation ithe resistive switching devi¢&08], these multilevel set and

reset processes provide a basis for the preparation and application of multistate meneonyistordeviceq 109.

The Al/TiO2-GrapheneDNA/Pt devices exhibit multilevel conduction states,shswn in Figure 4.5. At
different negative bias of 3.75V and 2.45 V, it can be observed a current of 0.135 mA (defined@sasidte
4.75~6.65 mA (defined as staty at reset voltages 0f2.45V and-3.7 V, respectively. Subsequently, the device
showsa current of 7.25~11.45 mA (defined as s@@tand 17.85~19.85 mA (defined as st3jat the set voltage of
3.05and 4.25V, respectively. The multilevel conduction states are likely due to the formation of different conductive
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filaments in the TiQ-GrgpheneDNA layer at different biases. When the set voltage exceeds 4.25 V, the conductive
filaments are completely formed between the top electrode and the bottom electrode, resulting in the maximul
current of 20 mA. The device shows the four resistantesstae almost the same over 100 test cyaleshown in

Figure 4.5 No obvious deterioration was observed, which indicates a good operational stability of the memory
device.

Reset voltage Set voltage

-2.5 <20

¢ Voltage (V)

Figure 4.4. The range of \4ertand ViesetvVoltages, and the fitting curve is satisfied the Gaussian distribution. a
Al/TiO /Pt device. b AI/DNA/Pt device. c Al/TiQ-DNA/Pt device. d Al/TiO2-Graphene-DNA/Pt device.
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Figure 4.5. The endurance characteristics of Al/TiO >-graphene DNA/Pt device at different
conduction statesunder different bias.
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The relationship between HRS/LRS resistance ratio and dstviggtures is shown in Figure
4.6. It is worth noting that the Al/Ti©dGrapheneDNA/Pt device represents the largest resistance ratio
(~34.8) among the four types of devices. With the increases of the number of the active material layers,
the HRS/LRS restance ratio of devices enlargel gradually. More importantly, graphene as an
insertion layer can significantly improve the HRS/LRS resistance ratio of the device. This may be
because graphene hinders the rapid migration of electron and oxygen vachmgetha vertical
direction of basal plane, so that conductive filaments cannot be formed at low voltages across the top

and bottom electrodes.
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Figure 4.7. Experimental data and linear fitting of I-V curves of memory device in positive and
negative voltage regions, respectively. (a) Al/Ti@Pt device. (b) AI/DNA/Pt device. (c) Al/TIQ-
DNA/Pt device. (d) Al/TiO>-GrapheneDNA/Pt device.

It is necessary to explore the resistive switching mechanism in this new hybrid inerganic
organic multilayestructure. In previous reports, researchers have proposed physical models to explain
the resistance switching phenomenon in different types of resistance switching d&d:443).

Defect states, such as lattice defects and oxygen vacancies, can lyefoeadid in the DNA film
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during the solutiorbased thin filmdeposition processes, which may act as trapping sites of charge
carrier[114-116]. To further understand the mechanism based on conduction theoryytberves

were plotted in a semlogarithmc scale as shown in Figude?, the FV curve with slope of ~1.0 can

be attributedto Ohmic conduction in the loweamltage region, and it3-V resigned equation is as
follows [117]:

L A« £ (4.1)

The above equation reflects the relationship between the cuiyeelectronic chargegf, the
concentration of the free charge carri@s dielectric constant], electron mobity (&), applied voltage
(V) and thickness of the functional laye).(In the region with slope of ~1.13 for AI/DNA/Pt device,
the current conduction is dominated by PoBlenkel (PF) conduction in the DNA layer, as shown in
Figure4.7b, f. It can be decribed by the equatidd18]:

AFp  AFZE

L. A= £FHO 1 B (4.2)

where g is the barrier heighks is the Boltzmann constari,is the absolute temperature, dds the
permittivity of free space. In addition, theé/lcurve obeys spaeehargelimited conduction (SCLC)
with slope of ~2.0 at the higher bias voltage redi®]. As the number of injected carriers into the
functional layer increases under higher gledield, the traps in the interface charge limited region are
continuously filled up with injected carriers. It is usually called 4iidpd SCLC, which can be
described as follow[d19]:

SRR TRER R (4.3)
After that, the injected carriers move freely into thezH&apheneDNA functional material, leading
to the current rapidly jumping up to LRS. In the LRS, the current is fullyrotbed by the oxygen
vacancy conduction. In this situation, th¥ turvefollows Child's conductive law, that i8 ¥2 [12]].
Therefore, the-V curve corresponds to Ohmic and SCLC conduction mechanism in three other devices
in Figure4.7, while AI/DNA/Pt device is followed by PF conduction.

Based on the conductive analysis in Figuré, 4he conduction mechanism of Al/TiO
GrapheneDNA/Pt device would be the trap controlled SCLC by the defects and the formation of
conductive filaments, which are induced by oxygen vacancies inside theGFapheneDNA
multilayer film, shown in Figure 4.8. A large amount of oxygen vacancasisined in the Tigfim
prepared by sputtering.21-123]. Initially, the oxygen vacancies in the Tiayer move toward the
TiO2/graphene interface along the direction of the applied electric field, and the electrons in the DNA
layer move toward the gpaene/DNA interface, shown in Figure 4.8lue to the blocking of graphene,
most of oxygen vacancies are unable to pass through the graphene into the DNA layer at low voltage,
while electrons are also limited at the graphene/DNA interface at low voltemensn Figure 4.8b.
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With the oxygen vacancies accumulate in the;TaQer, a conductive filament composed of oxygen

vacancies is gradually form¢él, 124.

a

8 d © electron

O oxygen vacanC)J

Figure 4.8 (a) Typical -V curve labelled different states with the models showing in @); (b-f)
the schematic diagram of physical dynamic processes for these states for Al/TKO2aphene

DNA/Pt device.

When this filament shorts the top electrode Al and graphenejsteesadden increase in current, shown

in Figure 4.8c. As the external voltage is further increased, oxygen vacancies overcome the energy

barrier and enter the DNA layer in Figure 4.8d. Oxygen vacancies are also accumulated to form

conductive filaments ahg DNA. Since DNA is a complex macromolecule containing nucleotides,

carbohydrates, and phosphate groups, which provides a good channel for the formation of conductive

filaments. When the oxygen vacancies conductive filament shorts the top electrodkth& baottom

electrode Pt, we observe the sudden increase of current again, shown in Figure 4.8d. With the voltage

sweep enters the negative voltage region, the conductive filaments, composed of oxygen vacancies, are

successively disconnected in the Ti@yer (Figure 4.8e) and the DNA layer (Figure 4.8f) due to the

electrochemical reaction processes. Thus, the current has two mutational reductions correspondingly.

Therefore, the multilevel conduction and disconnection of the conductive filaments leadsetsvand

two resets processes, respectively, in the resistance switching devices. The novelty of our method is

that the use of a graphene interlayer allows the conductive filamentsto be multilevel states. This enables

achieving an implementation of a ftilevel memory. This is important for newolatile memory and

logic operatiorf 125].

4.5 High-Density Memory using Al/TiO,-graphene-DNA/Pt as Memristor

As discussed in Chapter 2, memristor could be used as memory in two ways i.e., in digital mode or

inanalogmo d e . I n
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the device. In the analog mode, intermediate resistanteddtthe device is utilized in order to store
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more information in single memristor device, or in other words, memory density is higher in analog
mode. However, memristor being stochastic in nature, results in inaccuracy during memory write
operation, espally when writing to an intermediate resistance state of the device.

=— AlTiO_-DNA/Pt Device Multiple-cycle |-V plot ‘
25 - ©— Modelled Al/TiO,-DNA/Pt Device - Cycle A
4— Modelled AI/TiO,-DNA/Pt Device - Cycle B
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Figure 4.9. Al/TiO 2-DNA/Pt device modelling with variation. Cycle A represents device

characteristics with maximum Ve and Vieser Cycle B represents device characteristics with
minimum Vgerand Vieset
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Figure 4.1Q (a) Write operation in Al/TiO >-DNA/Pt devicein Cycle A (with maximum Vseiand

Viesep @and Cycle B (withminimum Vgegand Viese). (b) Variation in resistance statdoetween Cycle
A and Cycle Bin Al/TiO >-DNA/Pt Device

To understand the effect of variation, we use the ASU ReRAM maa§| {uned to the fabricated
Al/TiO 2-DNA/Pt device having typical memristor characteristidhie comparison between modelled

device and the fabricated device is shown in Figu@a. The device variation is also measured and
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modelled by adjusting the parametbetweenCycle-A and Cycle-B to cover the maximum and
minimum change iVsetand Vriese. Due to this variation, the programming of data in the system
generates inaccuracy as shown in Figud€ Therefore, it can be inferred that the usage of unstable
intermediate states in memristors can lead to imprecision. As shown in &ig0bgt can be observed
that, writing inaccuracy is maximum for intermediate state, while minimum for LRS and HRS. The

maximum and minimum possible length of the conductive filament in oxide layer restricts the variation
of HRS and LRS states.

AllTiO2-graphene-DNA/Pt Device Multiple cycle I-V plot
®— Modelled Al/TiO2-graphene-DNA/Pt Device - Cycle A
—A— Modelled Al/TiO2-graphene-DNA/Pt Device - Cycle B

204

10 4

104

Current (mA)

-20 4

-30 T T T T

-2 0 2 4 6
Voltage (V)

Figure 4.11. Al/TiO >-graphene DNA/Pt device modelling with variation . Cycle A represents
device characteristics with maximum Vseg Vsep Vieser@Nd Viesep. Cycle B represents device
characteristics with minimum Vgen Vsep Vieset@Nd Viesep.

To overcome this challenge of overall accuracy within small #negyroposedl/TiO >-Graphene
DNA/Pt device can provide a promising solution for high density meiiié;,$27,12§. The flexibility
of four stable memory states ihe device can play an important role in designing a memristor chip
because a single device can store and proebds at the same time. As a result, themory array
based oAl/TiO 2-GrapheneDNA/Ptresitive switching cells can be used to perform multibit operation

with improved speed and accuracy in a small area and easier fabrication technique.

As shown in Figure 4.11, the ASU ReRAM mofiE26] is tuned to the fabricated Al/TEEDNA/Pt
device.The devce variation is also measured and modelled by adjusting the parshettezerCycle-
A andCycle-B to cover the change Mset1, Vsetz VresetiaNd Vreseta IN Figure 4.12, the afabricated
Al/TiO 2-GrapheneDNA/Pt device shows 4 stable states with two stable intermediate states, which can
store2zbi ts data at same ti me. I n order to write
applied at the top electrode respectively, with bottontmlde grounded. Similarly, in order to write
bits 6016, 06006, a reset voltage of 3.75V and
In-order to read the resistance state of the device, a read voltage of 1V is applied across the device to

measure the current. A current of 8.71mA,1.91mA, 1.12mA and 0.27mA currents were observed
39



fl owing through the device during the rEiading o

proves the use of device for the storage-bft in a single ramristor.

Write Write Write Write
cycle cycle cycle cycle
10’ 117 ‘01" ‘o0

4 '_a TOP electrode
e 3
@ o[
SO L
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1

-1 A X X 1 : Loy P " -

20 HC
< 10f
2 0
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T
-1
Time (us)
Wirite cycle 2% Read cycle

Figure 4.12. 2-bit memory operation usingAl/TiO 2-grapheneDNA/Pt modelleddevice (a) Word

line or the top electrode voltage (b) bit line or the bottom electrode voltage (c) device current

Cyclel represents writi nfgolalnodwerde abdyi mnagr idtaitnag Galin0dé ,r e
and 600 62, égyale3 and cykled respectively. 1.91mA, 8.71mA, 1.12mA and 0.27mA
currents were observed flowing through the devi
and 60006, respectively.

Moreover, as shown in Figure 44 3he proposed device shows can be programmed to 4 stable
states despite variations in devi¢be Figure 4.13b, the change in programing resistance state due to
variation in device. It can be overserved that, similaAlf@iO 2-DNA/Pt device with conventional
memristor characteristics, though the intermediate resistance state is affected due to variations,
resistance statg, state2, statel, and statéd can be programmed with more precisiattributed to
limits in growth and rupture of conductive filament growdine storing of data digitally significantly
increases the accuracy w.r.t variations in de\aoé the fabricated Al/Ti©@GrapheneDNA/Pt device

reduces the number of required memristor to store the datallyigpy half. The proposed Al/TiO
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GrapheneDNA/Pt device shows a great potential for the use invalatile memories in the existing
technologies with the potential of storing twice the data size for the same number of memristors, without
any loss of aatracy and maintaining simpler fabrication method.
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Figure 4.13. (a) Write operation in Al/TiO 2-grphene-DNA/Pt devicein Cycle A (with maximum
Vseﬂ_ VSQQ Vresen_and VreseQ) and CyCIe B (Wlth mlnimum Vseﬂ_ VseQ Vreseﬂ_and Vreseg). (b) Varlat|0n in
resistance statdetween Cycle A and Cycle Bn Al/TiO »>-graphene DNA/Pt Device

4.6 In-Memory Logic

In this section we demonstrate a system, which can perform two operations in parallel with
maximumsix inputs operands using the-piepared cell. One operation calculates the output A_as a
function of input A, C, D, E, and F, while the other operation calculatestpetdB_ as a function of
inputs A, B, C, D, E, and F, where A and B are the initial resistance states, C and D are word line
amplitude, E and F are bBihe amplitude, and A_and B_ are final resistance states of the device. The
parallel operations are gfermed on resistance states.

The inputs A and B are mapped with one of the four resistance states of a single memory cell prior
the operation. The state (A, B) = (11) is applied by initializing the resistive switching devicenwith a
experimentally obtaied set voltage of 4.25 V. This will result in the resistance state of read current
~8.71 mA at read voltage of 1.0 V. Similarly, the logical states (AB) = (10), (01), (00) correspond to
the resistance states after applying a set voltage of 3.05 V ot agkage 0f2.45 V or a reset voltage
of -3.75 V, respectively. The read current for these logical states (10), (01), and (00) are 1.91 mA, 1.12
mA and 0.2739 mA, respectively in the corresponding reading cycle, when read voltage of 1.0 V was
applied.Thus, it can store and processi?s A and B at same time. The inputs C and D are mapped as
input wordline voltage on the top electrode of resistive switching device. If the input of (C, D) is (11),
the word line voltage level during the operatiod.25 V. Similarly, if the inputs are (C, D)(20), (01)

and (00), the wortine voltages during operation are 1.3-V.,7 V and-4.7 V, respectively. The system
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is designed to accommodate all transitionsesistancestates ranging from state 3 to statand then

from state 0 to state 3, depending upon word line and bit line voltage. The device could be used for
different voltage ranges, depending upon which the operations will differ. The bit line voltage on the
bottom electrode maps thebits E and Fnh same manner as C and D on word line voltage on the top
electrode. The output of the computation is stored as the final resistance state of memristor A_and B _
after the word line and bit line voltage pulse. The truth table for A_and B_ is shdviguie 4.14a
and4.14brespectively. To identify the dependencies of final resistance state (A_, B ) olined(d

D), bitline (E, F) and initial state of the device (A, B), we solve Karnaugh a2§) flerived from the

truth tablesshown in Figure 4.15 drFigure 4.16As shown in Figure 4.15, in order to derive equation

of A_, a six variable Karnaugh map is drawn and output A_ corresponding to the input combination of
A, B, C, D, E and F are mapped. Similarly, as shown in Figure 4.16, in order to therequation of

B_, asix variable Karnaugh map is drawn and output B_ corresponding to the input combination of A,
B, C, D, E and F are mappethe Karnaugh map is solved based on maximum grouping of all outputs
of A_ and B_. All the groups formed are shoun Figure 4.1%nd Figure 4,16each forming a

component in sum of product (SOP) form equation oBAd B_ respectively

The output resistance state of the operation after solving Karnaugh maps can be written as following
complex equation4.4) and 4.5):
I #8% '8 & $B3UB & 838 % ! &8 & #&8 & ! & (4.9

O HB B & HEB % 883 % !88 "3#3S8 % "BHB YR "8 I8 &
"HYR "B HBIB & !B H#B3 B YR !B H#RHIB & | 3B SR 8

The two computations are performed in parallel, thus saving processing cost up to two times.

Figure4.17shows a group of all-Bperand parallel operations that can be performed. The parallel
AND operation is demonstrated in Figekd8 When we f i x djyatiois(44and F as
(4.5) will be simplified to AND operations of A_ = A AND C, B_ = B AND, as the first group in

Figure4.17, as shown in below iequations(6) and (7), respectively.
I #8m  !8m8m pa8m8m !8p8m !&38m #Bp 8  188p
- ™
" #8m8nm #8p8m !88m 188 "B#ImBmM "8 H#BMBp
"#H8mMB8m "SB8p8p "88#8p8p8m ! #3MB8mM8p I8 #8p 8p 81
1 &8m8p 8p
llll !8I8¢ II8¢ lI8¢ T&
To physically implement these AND operations, we first program (initialize) the cell to one of the
four resistance states correspond to the input
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0o, respectivel y. a(hoystate, the hesistance stdte 2i Daring theioperateoh i z e d
in Figure4.17, a pulse of fixed 4.25 V is applied on BL (the bottom electrode) as shown in Eigfire
(As E and F are constant A W) therefore Blfvatagisd.p5eyrOat i on 1

WL (the top electrode), iif input C is Abit 10,
4.17. Atthiscase (D)=(11) , thus, WL voltage is 4:1Z¥isV. | f
applied during the operatidl. At this case (@) = (01), therefore WL voltage 4.7 V, aseexplained

in paragraph above. The final resistance gives

thus WL pulse of 4.25 V is applied, as shown in Figude3 The read opeation of (10), the resistance

state 2, shows successful parallel AND operation A_ = A AND C (inpufltAC=1) and B_ =B AND
C(inputB=0,C=1) . This implies the resultant resistar
respectively. Figurd.19shows all other possible combination of inputs A, B and C to perform parallel
operations A = A AND C and B_=B AND C. Figutel7 shows a list of dperand parallel operations

that can be performed. The system is able to compute all operations in as@pg@d inputs are in

their true states. No complementary versions of inputs were required. In a similar maoperail

and 4operand parallel operations can be derived fegunationg4.4) and 4.5).
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(b)

(@)

. (b) Truth table for B_.

Figure 4.14. (a) Truth table for A
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Figure 4.15. Derivation of A_ in SOP form using Karnaugh map
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Figure 4.16. Derivation of B_ in SOP form using Karnaugh map
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Operations Inputs Output Conditions
A C A =AC
OPERATION  AND S = T D=E=F=1
OPERATIO NOTT E _ A="E | A-0.B=0: C=1: D=
NAND E E B_=~(E.F)
OPERATIO MO E - A ="E | A=1B=1 C=0:D=
NAND E E B_=~(E.F)
OPERATIO MOIR E F A ="E7Fl A-0B=1: C=0: D=
EXOR E F |B =E~F+-fkF
OPERATIO NAND E F A_=~ERN| A~y B=0: c=1: D=
EXNOR E F |B =EF+-ElF
OPERATIO RIMP ¢ E A =C+El 1. B=0: D=0; F=
IMP C E B_=C.~E
OPERATIO IMP & E A SGaE A=B=D=F=0
IMP C E B_=C.-E
OPERATIO IR A € A ESRG B=D=E=F=0
BIT TRANSFER C ] =C

Figure 4.17. Parallel operations allowed by the proposed Al/TiO2Graphene DNA/Pt device
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Figure 4.18. Parallel AND operations A_ = A AND C and B_ = B AND C for inputs A, B
and C as 1, 0, and 1, respectivelya) Word line or the top electrode voltage (b) bit line or
the bottom electrode voltage (c) device current.
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Figure 4.19. Parallel AND operations A_ = A AND C and B_ = B AND C for inputs A, B

and Cas (a) 000; (b) 001; (c) 010; (d) 011; (e) 100; (f) 110; (g) 111, respectively.
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4.7 Summary

In summary, a novel resistive switching device has been demonstrated with the structure of Al/TiO
GrapheneDNA/Pt. The device shows an excellent resistive switchiegorybehaviorwith stable
multi-level resistance states, which enabldsttorage capacity in a single device. Using such device,
parallel logic operations for imemory computing can be performed, which could provide a way for
more faster and energfifieient solution for irmemory logic. Our study provides a guide for the design

of new functional materials for the multistate logic operation in advanced resistive switching devices,

which could move toward environmentally friendly as well as energgiefitin-memorycomputing.
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Chapter 5

Varition Tolerant Matrix Multiplicat:i

| Memory Computing

5.1 Overview

Recently, the emphasis has been shifted toward hardware architectures fopldraantation of
machine learning applications to meet the demand for faster and more efficient operations on the
massive amount of data. Because of their advantages efatatility, nanometer size, and easily
integrated crossbar structurenemristor devices are widely explored for such hardware
implementations. In these applications, matrix multiplication is one of the most frequently executed
operations. Most of the current matrix multiplication schemes usiagristorsare highly variation
sensitiveand suffer from programming inaccuracy. In this work, we propose an adigjibgl-hybrid

based matrix multiplication approach to address the issue, providing an efficient way to implement
matrix multiplication usingnemristordevices. For an input matrsize of 8 with 16bit elements, the
proposed technique improves the average accuracylfpab%owith penalties in power, performance,

and area up to 18.5%, 8.2%, and 3.2% respectively compared with conventional matrix multiplication
design usingnemrisbrsin the analog/multievel manner.

5.2 Introduction

With the recent technology advancements, the society has entered a new era of big data. A
drastic amount of information is generated and processed all théstiictehuge volume of data enables
a rapid gowth in the domains of machine learning, which in turn post challenges in hardware
technology. It is expected that innovations in hardware technology would lead to betieeaata
machine learning applications at higher speed, better energy efficidocyQme of the major
requirements in implementing machine learning algorithms, particularly neural network and deep
networks, is to perform matrix multiplication repeatedly on large volumes of 86t430131]. On
average, 8®0% of the runtime in machirearning algorithms is consumed by matrix multiplication
[132. While there are many ways to conduct matrix multiplication on hardware, memristor provides
one of the most efficient methods in terms of area, speed and power consurbptibB3B[13}
Howe\er, there are several challenges associated with the matrix multiplicatiomesmgstor In this
chapter we propose an analatigital-hybrid approach to counter the problems with moderate penalty
in power, performance and area (PPA). In the followewien5.3, the fabrication and the operation
of memristordevices will be discussed. In sectibr, the existing matrix multiplication techniques
usingmemristorswill be briefly reviewed. In sectiof.5, design technique is proposed to counter the
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problems associated with the existing design technique. Séct@md5.7include experimental setup

and the results to compare the designs. Sebt®summarizethechapter
5.3 Fabrication and Operation of memristor devices

5.3.1 Device Fabrication

As discussed in previous chapters, memristoRRAM) device is a tweterminal device comprising

an oxide dielectric layer sandwiched between the top and bottom electrode as shown if.Eaginme

this work, we fabricated the device with structure ADFAI. The detailed fabrication step is shown in
Figure5.1b-h. Firstly, glass substrates were cleaned subsequently in acetone, ethanol and isopropyl
alcohol, and dried under nitrogen gas flow. We use the shadow mask process to deposit bottom
electrodes. fle mask is placed mounted on the clean glass substrate, and the Al bottom electrode with
a thickness of ~200 nm was deposited using sputtering, as shown in%:lducke This is followed by

the deposition of oxide layer TiQvith the thickness of ~30 nnsimg sputtering, as shown in Figure
5.1ef. Finally, the top electrode Al with a thickness of ~300 nm was deposited using sputtering with
the mask rotated by 90° relative to the bottom electrode, as shown in BitgirEollowing these steps,

a metaloxide-metal device with Al/TiQ/Al structure was obtained at each junction of top and bottom

electrodes, as shown in Figurd.h.

Ll BV
0.0 :AI 0:: Al bottom

Metal oxide layer | - 'd.er.)o§itic.>n \electrode\\

%, Bottom electrode \Glass substrate \\ \\\\

(a) (b) © (d)

Mask
Top electrode

o
st
TiOz2 film deposition . de.gosi.tit;n Al top electrode
\\\ N\ 7 ‘ — \K = N =
\\\(\ \\'“’ \\ e \\, -
N - Do
(e) (f) (g) (h)

Figure 5.1. Schematics showing the deposition process of layers foremristor device. (a)
schematic formemristor structure (b) masking for bottom electrode deposition (c) Al sputtering
for bottom electrode (d) formation of bottom electrode (e) deposition of Tifilm (f) TiO 2 film
layer formation over bottom electrode (g) Al sputtering for top electrode (h) device formation

5.3.2Device Operation

The LV curve of the fabricatesthemristordevice to be used in thibaptetis shown in Figre5.2a. The
operation of device can be eapied by conductive filament growth and rupture in oxide region with
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application of potential difference at both the electrodes. During théirmeeslectroforming process
after the device fabrication, a high voltage, known as forming voltage, is appligshérate mobile

oxygen ions through dielectric breakdown. As a result, a conductive filament is formed due to oxygen
vacancies in the dielectric layer.

During normal write operations, a programming voltage, lesser than forming voltage, is applied between
top electrode and bottom electrode to control this conductive filament and thus device resistance. When
a negative programming voltayesetaround-2.3V is applied at top electrode with bottom electrode
grounded, the oxygen ions migrate back to themlagler Therefore, the conductive filament ruptures

and the device behaves as a high resistance device, which is known as high resistance state (HRS) of
the device. Similarly, when a positive programming voltdgearound +2.5V applied at top electrode

with bottom electrode grounded, the conductive filament grows back again and the device behaves as a
low resistance device, which is known as low resistance state (LRS) of the device. To read the resistance
state of the device, a read voltageaq of 0.1Vis applied across the device to sense the read current.

The ratio of read current in LRS and HRS (i.exs/lnr9 for the fabricated device is observed to be ~8.
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Figure 5.2. (a) Multiple cycle I-V curve of fabricated device. (b) Variation in FV curve for
fabricated and modelled device for maximumVse (Cycle A) and minimum Vs (Cycle B). (€)
Programming by changing pulse width at 2.6V pulse amplitude (d) Programming by chaying
pulse amplitude at 20ps pulse width (e) Variation in resistance between cycle A and cycle B when
programmed by changing pulse width at pulse amplitude of 2.6V (f) Variation in resistance

between cycle A and cycle B when programmed by changing pulsmplitude at pulse width of
20ps.

To usememristorin digital circuit, the binary data is stored in form of HRS and LRS of the device. For

applications in analog circuits, threemristoris programmed to intermediate resistance values by
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partially forming onductive filament. The intermediate resistance state is achieved either by controlling
voltage B7,135] betweenVsetand ViesetOr by varying pulse width to control of conductive filament
length.

The current can be expressed in terms of the length of this conductive filament and appliedW,oltage
as shown ifEquation 6.1) [126], where g is the gap between conductive filataen

| =l,exp( —) sinh(—) (5.1)

Thelo, go andV, are the fitting parameters, adjusted according to the fabricated device

The growth and rupture of conductive filament can be expressed in terms of gap g between conductive

filaments as expressed below:

—=-Vo[exp( —) expt——) -exp( —)exp( ——)] (5.2)

The device is modelled with the ASU RRAM mod&2§] calibrated to experimental data, as shown in
Figure5.2b. The modelled deviceV characteristics matches with that of the experimental Daia.

to stochastic nature of the conductive filament formation, even small atomic fluctuations result in
difference in resistance state of device. Thus, the device tends to have lot of variations, which is evident
from multiple cycle of the-V curve inFigure5.2a The device variation is also measured and modelled

by adjusti ng t hequalian(5.2) between 17.50 (Cycld) andri8.04 (Cgcld) to

cover the maximum and minimuchange irfVsetandVieset 2 is monotonically re

g responses to the programming voltage.

The variation in device leads to programming inaccuracy, which is most vulnerable for intermediate
states. Thé&igure5.2c andFigure 52d shows the programming inaccurdoy device with maximum

and minimunVset. The device programming is performed byrgiaag pulse amplitude and pulse width,

as shown irFigure 5.2c and 5.2d respectively. It can be clearly observed that even due to small
variations in device the programming inaccuracy is significant. The programming inaccuracy due to
variation fortheinte me di at e resi stance state I s maxi mum, w
itis minimum as shown iRigure5.2eand5. 2f. The higher precision for HRS and LRS can be explained

because of lower and upper limits to conductive filament formation. biiuscreasing the timperiod

or amplitude of the pulse, itis possible to ensure better accuracy in programming the device to HRS

and LRS states.

5 . EXisting Matrix Multiplication Technique using Memristor

In many reported matrix multipliersyemristorcrossbar is used in an analog wag,136,137].
Inthis, as shown in Fige5.3, eachmemristorconductance is programmed to different levels according
to the firstinput matrix. The second input matrix isgneommed to word line voltage amplitude through

a DAC (Digitatto-Analog Converter). When the voltage pulse is applied, there will be a current
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associated with each cross poinneémristorcrossbar array. The sum of current through each cross
point in bitine corresponds to the element of output matrix. The output current through bit line is
amplified and passed through ADC (AnaltmgDigital Converter) to compute and store the resultant
matrix in digital form. However, this approach is highly sensitivenamristorvariation 46,48,138

147]. Moreover, programming eaahemristordevice to an intermediate state is itself a challenge.
Though techniques have been proposed to improve programming acci@iAp, it does not
eliminate the problem completelydmcreases the programming time. Thus, it counters the advantage
of usingmemristorcrossbar to speed up the matrix multiplication in the first place.
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Figure 5.3. Analog matrix multiplication using memristor. The conductance of each memristor
cell (e.g gl11, etc.) are sensitive to the device variation and noise.

One other approach proposed in the literatused§ is using a digitalized matrix multiplication
technique. The digitalized way of matrix multiplication only uses binary stateofristor adis more
tolerant of variation. It also saves area since there is no requirement of ADC and DAC, at the expense
of speed and power. However, it can be used only for binary matrix multiplication. To perform decimal
matrix multiplication, it requires cir¢ufor multiple threshold calculations, and circuit for shift and add
operation after each binary multiplication, which leads to significant penalty in delay. Compared to
analog counterpart, digitalized approacté][Suffers 3.12x power consumption. Inghivork, we
propose an analedigital-hybrid matrix multiplication technique, to counter the variation in the

memristor device moderate tradeff of power, speed or area as compared to analog matrix
multiplication.
53



5.5 Design for Matrix multiplication

Figure 5.4. (a) Schematic for computation of single output element (C[1][1] = A[1,1] x B[1..m,
1]) using the proposed analog digital hybrid matrix multiplication. Each element in B is an-bit
binary number. (b) Full schematic for analog digital hybrid matrix multiplication (not necessarily
m copies ofFigure 5.4a).

I n the proposed matrix multiplication ci-rcuit,
di ghybtid approach to address the i sswue iordpuwtar
matri crets onfi tchol umns anldf rdoiwgi triesgpde,cte aecH yel ement
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