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Abstract— We considera circuit paradigmthatcombinescorventional
silicon microelectronicsvith emeging self-assembleahanoelectron-
ics. PeripheralCMOS circuitry is usedto drive the input signalsand
restorethe outputsignalsof nanoscalerossbarstructuresWe address
a numberof issuesdealingwith interfacingCMOS and nanoelectron-
ics. Furthermorewe considerimportantmetrics,suchas,delay area,
andeneqy for afull-adderimplementedn themixedcircuit paradigm.

|. INTRODUCTION

The pastfew yearshave put forth remarkabledemonstrationof
novel nanoscaleand moleculardevices assemblednto small circuits
[1]. In addition,rapid advancementsn corventionalsilicon electron-
ics have spavned predictionsof an accelerategath towardsthe sili-
con“brick wall” [2]. Whenconsideredeparatelyconventionalsilicon
electronicsandnanoelectronicpresentifferentviews for thefuture of
integratedcircuits. Silicon hasa proventrack recordand hasalready
revolutionized our society but it's ability to continueupon Moore’s
Law will eventuallyceaseOntheotherhand,nanoscal@andmolecular
circuits have not yet beenassemblednto complex systemsyet they
may hold the potentialfor reachingnew levels of computation.

However, ratherthanconsideringa future basedon eithersilicon or
nanoelectronicsywe believe hybrid solutionscomposecdf both tech-
nologieswill be the key for achieving new levels of performance,
power, anddensity[3]. Although,thematurityof nanoscal@ndmolec-
ular circuits hasnot yet reachedhe VLSI level of fabrication,we are
ableto explore nanoscaleircuitsvia simulation.

Il. A CMOS/NANO CIRCUIT PARADIGM

Developing an integratedcircuit composedf conventionalsilicon
electronicandnovel nanoelectronicwill encounteavarietyof issues.
Fabricationchallengegor achieving acceptablgieldswill nodoubtbe
numerousHowever, in this papemwe addressomeof thecircuit design
issueghatarise.

A. CrossbarBasedNanoelectonics

As corventionalsilicon devices pushthe 100nmbarrier traditional
conception®f nanoelectronicbegin to blur. Thereforewe narrov our
definition of nanoelectronicén this paperto nanoscalgechnologies
thatemploy a“bottom-up”fabricationapproachsuchasself-assembly
We will referto thesetechnologiesasnana In turn, we will usethe
term CMOStreferto conventionalsolid-statetechnologieghatrely on
a“top-down” fabricationprocesssuchaslithography Thekey distinc-
tionsbetweenthesawo fundamentallydifferentfabricationapproaches
arethe attainablefeaturessizesandthe freedomin determiningarbi-
trary patterns While a bottom-upprocesshouldallow smallerfeature
sizes,the resultingstructureswill typically be restrictedto regular or
periodicpatterns.On the hand,top-davn processesvill belimited to
largerfeaturesizes[4], but canrealizearbitrarypatterns.Thus,we be-
lieve thechallengeof optimal CMOS/nandntegrationwill bebasedon
balancingthe appropriatemixturesof smallerregular circuits (nano)
andlarger (CMOS)arbitrarycircuits.

Themostcommonlytargetedregularstructureor self-assembleda-
noelectronicss a crossbar Fig. 1 shavs a typical nanoscalerossbar
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Fig. 1. A typical nanoscalerossbaistructureconsistf two planesof
crossechanavireswith bistabledevicesat thejunctions.

structurethat consistsof a lower planeof parallel nanavires crossed
perpendicularlyby an upperplaneof nanavires. A bistablejunction
exists betweerthe wire crossings.The bistablejunctionscanbe elec-
trically alteredto switch betweena low resistancestate(on-state)and
a high resistancestate (off-state). Typically the junction also hasa
diode-like behaior that allows currentsflow underforward bias, but
inhibits reversebias current. This crossbarstructureis a target for a
variety physicalimplementationssuchas, self-assembledanavires,
nanotubesand nanoimprintedwires. Likewise, MRAM alsoconsists
conceptuallyof a similar crossbastructurewith hysteretigunctions.
In particular Hewlett-PackardandUCLA have pioneeredhe cross-
bar for molecularelectronics[5], [6], [7], [8], [9]. Harvard hasalso
demonstratedhanavire circuits that could be assembledn crossbar
structures[10]. The promiseof crossbaibasednanoelectronichas
spavneda numberof architecturaideas[11], [12], [13]. Theseworks
have motivatedusto studycircuit designissuedor crossbar$3], [14].

B. TheCMOS/nandnterface

In this paper we considerinteractionbetweenon-chip CMOS cir-
cuitsandnanoscalerossbarircuits. Unlike corventional CMOS, the
nanoscalerossbarsve consideido nothave afundamentatiependenc
on the substratesincethe active devicesareformedbetweerthe wire
junctions. Thus,asin [3], we adoptthe paradigmwherethe nanocir-
cuitry is fabricatedbn top of a conventional CMOSIC.

The physicalpropertiesof the CMOS/nandnterfacecreatesa num-
ber of fabricationchallenges.However, thereare higherlevel issues
when consideringthe CMOS/nanointerface as well. Previous nano
interfacesuggestiongnclude nanodecoderdesignshat are stochastic
[7] or requirenanoscal@atterningresolution[13]. TheseCMOS/nano
interfacedesignsattemptto combinethe following two goals:

Pitch Reduction Communicatingsignalsfrom the wire pitchin the
CMOS technologyi.e., the microwire pitch (Pmicro), to the nanoscale
pitchin the nanocrossbayi.e., the nanavire pitch (Phang)-

Decoding- The ability to address large addresspacein the nano
crossbawith asmallernumberof CMOSwires.

While we believe both pitch reductionanddecodingare necessaty
a solutionwe briefly outlinedin [3] decoupleghetwo goals. This ap-
proachrelieson alignmentprecisionfor pitch reductionanda decoder
programmedhnto thecrossbarAs shawvnin Fig. 2, thisapproactbegins
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Fig. 2. Pitch reductioncan be achieved by emplg/ing an interface
schemehatrelieson alignmentaccurag.

with parallelnanavires perpendicularlyoverlappingan equalnumber
of parallel microwires. Two masksare then usedto remove the por
tions of the nanavires and microwires alonga diagonal. This process
assumeghat the nanavires and microwires canbe etchedseparately
The relianceon nanoscalgatternresolutionis shiftedto maskalign-
mentprecision.Usingtherule of thumbthatalignmentwill beequalto
approximatelyone-thirdof theline width, thisapproactshouldbeable
reducePnano to at leastthe microwire line width (Wmicro), asdepicted
in Fig. 2. Additional maskalignmentaccurag aswell asa numberof
othervariationson this schemeshouldallow Phanoto beevensmaller

We cancreatenanavire crossbardy emplogying two or moreof the
interfacestructuregdescribedabore, asshovn in Fig. 3. We canthen
programthe crossbaijunctions by addressingndividual crosspoints
with theverticalprogrammingmicrowires (connectedo thehorizontal
nanavires)andhorizontaladdressnddatawires(connectedo vertical
nanavires). This schemeprovidesa mechanismo programa decoder
into the crossbar The decoderaddresses secondcrossbamwe will
referto asthedataarray

The decoderand dataarray pair can be usedfor logic or memory
Thedecodeis equivalentto aplaneof AND gateswhile thedataarray
is essentiallya planeof OR gates.Thus,two-level logic representations
canbe easily mappedto the crosshar Fig. 4 shavs a schematioof a
full-adderrealizedin a crossbaalongwith thetruth table.

Memory can also be implementedin thesestructures. However,
memoryrequiresthe ability to programthe dataarrayvia the decoder
Thus,to avoid inadwertentlyprogramminghe decodemwhenwriting to
the dataarray it may be necessaryor the decoderto consistof junc-
tionsthatareprogrammedht highervoltageshanthe dataarray

To furtherreducethe areaoverheadassociateavith the CMOS/nano
interfacestructure,it may also be desirablefor multiple decoderand
dataarray pairs to sharethe horizontal nanavires during the initial
crosshaprogrammingThiscanbeaccomplishedia astructureshavn
in Fig. 3. A methodof postprogammingsolationcanthenbe usedto
allow eachdecodemanddataarraypair to functionindependently
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Fig.3. A platformfor logicandmemorycanbeassembletly combining
anumberof diagonalinterfacestructures.
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Fig.4. Thetruthtablefor afull-adderandthecorrespondingnappingto

ananocrossbatechnologyemploying bistablediodejunctions.

C. CMOSiInterfaceCircuitry

Although the nanocrossbarcircuits hold the potentialfor high de-
vice densitiestherearea numberof inherentcharacteristicshat pose
problemsfor this technologyalone. Oneof the mostsignificantis the
lack of signalgainin a diode-resistocircuit paradigm.Thus, signals
on the crossbamustbe periodically restoredto the appropriatdogic
levels. In addition,the crossbasufers from aninability to implement
analogcircuitry, alack of aninversionfunction,anddifficulty in imple-
mentingsequentialogic. We suggesteanixing nanocrossbacircuits
andCMOS on the samechip to achieve optimal device densitiesper
formance,andpower in [3]. In this paperwe expanduponthatnotion
by consideringCMOS circuitry thatcandrive the nanocrossbainputs
andsensehe outputs. Fig. 5 shavs a schematiof the mixed circuit.
We have found that to meetcertaindesigngoalsit may be adwanta-
geousto drive the nanocrossbamwith a differentsignalswingthanthe
CMOS operatingvoltagelevels. Thus,we useCMOS level shiftersto
drive the crossbainputlines. Furthermoresenseamplfiersareneeded
to restorethe crossbaiutputsignalto CMOS voltagelevels. We use
standardCMOS circuits for the level shiftersand senseamplifiers,as
shavn in Fig. 6 a) andFig. 6 b), respectiely.

I11. CIRCUIT SIMULATION RESULTS

For simulationwe usethe 70nmCMOS Predictive TechnologyMod-
els (PTM) [15]. At the nanocrossbajunctionswe usemodelsof the
rotaxanemoleculesasdescribedn [5] and[6]. Thecrossbajunctions
aremodeledwith the UniversalDevice Model (UDM) [16] andimple-
mentedn Verilog-A. Our simulationsusethe Spectrecircuit simulator
from Cadence.Two additionalsystemparametersf high importance
are the contactresistancebetweenthe microwires and the nanavires
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Fig.5. The systemwe considerinvolves CMOS level shiftersto drive
the nanocrossbarand CMOS senseamplifiersto restorethe crossbar
outputto CMOSvoltagelevels.
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Fig. 6. We use standardCMOS circuits for the CMOS interface, a)
level shiftersdriving thenanocrossbaimputs,b) cross-couplechverter
latchesto senseheoutputs.

(Rc) aswell asthejunction capacitancdetweenthe nanaviresin the
crossbal(Cj). Thevalueof R is particularlyimportantfor the system
we considerbecauseét actsasthe pull-up resistorfor the AND plane
andthe pull-down resistorfor OR plane. Likewise, the valueof Cj is
importantbecausét determineshe amountof capacitancéhat needs
chaged/discagedduring switching. We setR: to 1IMQ andC;j to 1ak
whichis consistentvith valuesfrom [8]. Weassuméhewire resistance
of thenanavires,capacitanceetweerthenanaviresandsubstrateand
crosstalkcapacitancéetweerparallelwires areall neggligible.

We usea 1 volt supply (Vddcmog for the 70nm CMOS circuitry;
however, we have found that driving the nanocrossbamith a 1 volt
(Vhighhano) to -0.25volt (Vlownang signalswing provides a reason-
able balancebetweenperformanceand power consumption. Further
more,we use3 volts and-1.5 volts for the AND planesupplyandOR
planesupplyof thecrossbarrespectrely. Finally, we useadifferential
sensingschemehatrequiresboththe outputsignalandits complement
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Simulation waveforms for the nano crossbarand peripheral

Performance

Delay 491ps
Cycletime 1ns
Area

NanoCrossbar 3un?
Drivers 30 un?
SenseAmps 40 un?
Static Power

NanoCrossbar 549nW
Drivers 1.01uwW
SenseAmps 67.71pW
AverageEnergy / Cycle
NanoCrossbar 5.78e-16)
Drivers 4.73e-14)
SenseAmps 6.77e-14)
Energy-DelayProduct 5.67e-23J-S

TABLE |
SIMULATED FIGURES OF MERIT FOR THE CROSSBAR FULL-ADDER.

to switchthe senseamp.Despitethe very smalloutputvoltagechanges
causedby the high resistanceof the diode junctionin the on-statein
comparisorio thecontactresistancethe differentialamplifiersareable
to deteriminethe correctoutputvalues. The simulatedwaveformsare
shavn in Fig. 7. Tablel shaws otherfiguresof merits for the nano
crossbafull-adderandperipheralCMOS.

Although the nano crossbarfull-adder and peripheral CMOS we
have simulatedwould be slower, larger, and consumemore power in
comparisonto a full-adder implementedin 70nm CMOS, there are
still a numberof reasongo pursuemixed CMOS/nanccircuitsin the
paradigmwe have describedabore. More comple« CMOS/nanosys-
temswill mostlikely targetnetworks of crossbarswhich may provide
opportunitiesfor reducingthe amountof CMOS circuitry. Secondly
only about0.5% of the averageenegy in Tablel is consumedy the



nano crossbarwhile the restis consumedby the peripheralCMOS.
Furtheroptimizationof the peripheralCMOS may achieze additional
reductiondn enegy, delay andarea.

In termsof area,we assumethe nanavire pitch to be 70nm. To
achieze the 70nmnanavire pitch, we estimatethe microwire pitch to
be 210nm. Table| shawvs our areaestimatedor the nano crossbar
which includesthe diagonalinterface structuresand the crossbarit-
self. Areaestimatedor all thedriversandthe senseamplifiersarealso
shavn. Sincethe nanocrossbaris on top of the peripheralCMOS,
the total planarareawill be determinecbnly by nanocrossbamreaor
the peripheralCMOS area,dependingon which is greater It is clear
thatthe CMOS peripheralkircuitry dominateghe total area,while the
nanocrossbaiccupiedessthan 4% of the total area. In comparison
with a 70nm processstandardibrary full-adder cell, we estimatethe
overall mixed CMOS/nandfull-adderto be over twice the size of the
library cell. However, consideringonly the nanocrossbarand inter
facestructuresthe areawould be only 11% of the full-adder library
cell. Fromthis we seethatto take adwantageof the smallnanocrossbar
area,we needto reducethe amountof peripheralCMOS circuitry. A
smalleramountof CMOS peripherakircuitry will alsoreduceeneny.
New nanoscaledevices that can achieve signal gain and more com-
plex crossbastructuresaretwo possiblitiesfor reducingthe amountof
CMOS peripherialcircuitry.

Improving the presentcharacteristicof the crossbarsuchas, in-
creasingthe on-statecurrentthroughthe junctions and reducingthe
contactresistancewill enhancehe performanceof the crossbar This
would be particularly beneficialin the systemwe considerin this pa-
per Seeingthatthe resistancef the diodejunctionin the on-stateis
very large in comparisonto the contactresistancethe outputsignals
areinherentlyhampered.

However, entirely new devices will createnew circuit paradigms.
For example, devices that can provide gain without leaving the nano
crossbawill allow extendedevelsof logic beforeinterfacingto CMOS
andallow areductionin theamountperipheralCMOS.More elaborate
crossbastructuresnayalsomake the CMOS/nangaradignmoread-
vantageousTheadditionof athird planeof parallelwiresthatcrossthe
outputnanavires pravidesanopportunityfor a columndecoderFig. 8
shaws a crossbasystemthatallows multiple columnsto sharea sense
amplifier Likewise,this schemeallows parallelaccesso multiple data
arrays,which reduceghe numberof drivers. Vertically stackingthree
or morenanavire planesmayalsoallow additionaldensity

1V. CONCLUSION

While self-assembledanoelectronicare still at an early stageof
development, it is not too early to evaluate the potentialsof these
technologies.n this paper we considered crossbatbasednanoscale
paradignmwith peripheralCMOScircuitry. Thenanocrossbaparadigm
containsinherentpropertieshatwill be advantageoudor future elec-
tronicssystems.However, for the paradigmwe have considerechere,
it is clearthatthe overheadbf the CMOS peripherakircuitry will need
to bereducedo take advantageof the propertieof thenanoscaléech-
nology Furtheroptimizationof CMOS drivers and senseamplifiers
specificallyfor nanointegration may reducethe delay and enegy of
the mixed CMOS/nanocircuits. In addition, nev nanoscaledevices
thatexhibit gaincouldallow extendedcomputatiorwithoutinterfacing
to CMOS, in turn reducingthe amountof peripherialCMOS. Further
more, morecomple crossbastructureswill allow morefunctionality
to be shifted from the CMOS circuits onto the nanocrossbar Thus,
thereare a numberof device, circuit, and architecturalavenuesthat
mayleadto theraw densitypotentialsnherentwith self-assembleda-
noelectronics.
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