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Abstract—Weconsidera circuit paradigmthatcombinesconventional
silicon microelectronicswith emerging self-assemblednanoelectron-
ics. PeripheralCMOS circuitry is usedto drive the input signalsand
restoretheoutputsignalsof nanoscalecrossbarstructures.We address
a numberof issuesdealingwith interfacingCMOS andnanoelectron-
ics. Furthermore,we considerimportantmetrics,suchas,delay, area,
andenergy for afull-adderimplementedin themixedcircuit paradigm.

I . INTRODUCTION

The past few yearshave put forth remarkabledemonstrationsof
novel nanoscaleandmoleculardevices assembledinto small circuits
[1]. In addition,rapid advancementsin conventionalsilicon electron-
ics have spawnedpredictionsof an acceleratedpath towardsthe sili-
con“brick wall” [2]. Whenconsideredseparately, conventionalsilicon
electronicsandnanoelectronicspresentdifferentviewsfor thefutureof
integratedcircuits. Silicon hasa proven track recordandhasalready
revolutionizedour society, but it’ s ability to continueupon Moore’s
Law will eventuallycease.Ontheotherhand,nanoscaleandmolecular
circuits have not yet beenassembledinto complex systems,yet they
mayhold thepotentialfor reachingnew levelsof computation.

However, ratherthanconsideringa futurebasedon eithersilicon or
nanoelectronics,we believe hybrid solutionscomposedof both tech-
nologieswill be the key for achieving new levels of performance,
power, anddensity[3]. Although,thematurityof nanoscaleandmolec-
ular circuitshasnot yet reachedtheVLSI level of fabrication,we are
ableto explorenanoscalecircuitsvia simulation.

I I . A CMOS/NANO CIRCUIT PARADIGM

Developing an integratedcircuit composedof conventionalsilicon
electronicsandnovel nanoelectronicswill encounteravarietyof issues.
Fabricationchallengesfor achieving acceptableyieldswill nodoubtbe
numerous.However, in thispaperweaddresssomeof thecircuit design
issuesthatarise.

A. Crossbar-BasedNanoelectronics

As conventionalsilicon devicespushthe100nmbarrier, traditional
conceptionsof nanoelectronicsbegin to blur. Therefore,wenarrow our
definition of nanoelectronicsin this paperto nanoscaletechnologies
thatemploy a“bottom-up”fabricationapproach,suchasself-assembly.
We will refer to thesetechnologiesasnano. In turn, we will usethe
term CMOSrefer to conventionalsolid-statetechnologiesthat rely on
a“top-down” fabricationprocess,suchaslithography. Thekey distinc-
tionsbetweenthesetwo fundamentallydifferentfabricationapproaches
are the attainablefeaturessizesandthe freedomin determiningarbi-
trary patterns.While a bottom-upprocessshouldallow smallerfeature
sizes,the resultingstructureswill typically be restrictedto regular or
periodicpatterns.On thehand,top-down processeswill be limited to
largerfeaturesizes[4], but canrealizearbitrarypatterns.Thus,we be-
lieve thechallengeof optimalCMOS/nanointegrationwill bebasedon
balancingthe appropriatemixturesof smallerregular circuits (nano)
andlarger(CMOS)arbitrarycircuits.

Themostcommonlytargetedregularstructurefor self-assembledna-
noelectronicsis a crossbar. Fig. 1 shows a typical nanoscalecrossbar
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Fig. 1. A typical nanoscalecrossbarstructureconsistsof two planesof
crossednanowireswith bistabledevicesat thejunctions.

structurethat consistsof a lower planeof parallelnanowires crossed
perpendicularlyby an upperplaneof nanowires. A bistablejunction
existsbetweenthewire crossings.Thebistablejunctionscanbeelec-
trically alteredto switch betweena low resistancestate(on-state)and
a high resistancestate(off-state). Typically the junction also hasa
diode-like behavior that allows currentsflow underforward bias,but
inhibits reversebiascurrent. This crossbarstructureis a target for a
variety physicalimplementations,suchas,self-assemblednanowires,
nanotubes,andnanoimprintedwires. Likewise, MRAM alsoconsists
conceptuallyof a similar crossbarstructurewith hystereticjunctions.

In particular, Hewlett-PackardandUCLA have pioneeredthecross-
bar for molecularelectronics[5], [6], [7], [8], [9]. Harvard hasalso
demonstratednanowire circuits that could be assembledin crossbar
structures[10]. The promiseof crossbar-basednanoelectronicshas
spawneda numberof architecturalideas[11], [12], [13]. Theseworks
have motivatedusto studycircuit designissuesfor crossbars[3], [14].

B. TheCMOS/nanoInterface

In this paper, we considerinteractionbetweenon-chipCMOS cir-
cuitsandnanoscalecrossbarcircuits. Unlike conventionalCMOS,the
nanoscalecrossbarsweconsiderdonothaveafundamentaldependency
on thesubstrate,sincetheactive devicesareformedbetweenthewire
junctions.Thus,asin [3], we adopttheparadigmwherethenanocir-
cuitry is fabricatedon topof a conventionalCMOSIC.

Thephysicalpropertiesof theCMOS/nanointerfacecreatesa num-
ber of fabricationchallenges.However, therearehigher-level issues
when consideringthe CMOS/nanointerfaceas well. Previous nano
interfacesuggestionsincludenanodecoderdesignsthatarestochastic
[7] or requirenanoscalepatterningresolution[13]. TheseCMOS/nano
interfacedesignsattemptto combinethefollowing two goals:

Pitch Reduction- Communicatingsignalsfrom thewire pitch in the
CMOS technology, i.e., themicrowire pitch (Pmicro), to the nanoscale
pitch in thenanocrossbar, i.e., thenanowire pitch (Pnano).

Decoding- Theability to addressa largeaddressspacein thenano
crossbarwith a smallernumberof CMOSwires.

While we believe both pitch reductionanddecodingarenecessary,
a solutionwe briefly outlinedin [3] decouplesthetwo goals.This ap-
proachrelieson alignmentprecisionfor pitch reductionanda decoder
programmedinto thecrossbar. Asshown in Fig. 2, thisapproachbegins
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Fig. 2. Pitch reductioncan be achieved by employing an interface
schemethatrelieson alignmentaccuracy.

with parallelnanowires perpendicularlyoverlappingan equalnumber
of parallelmicrowires. Two masksare thenusedto remove the por-
tionsof thenanowires andmicrowiresalonga diagonal.This process
assumesthat the nanowires andmicrowires canbe etchedseparately.
The relianceon nanoscalepatternresolutionis shiftedto maskalign-
mentprecision.Usingtheruleof thumbthatalignmentwill beequalto
approximatelyone-thirdof theline width, thisapproachshouldbeable
reducePnano to at leastthemicrowire line width (Wmicro), asdepicted
in Fig. 2. Additional maskalignmentaccuracy aswell asa numberof
othervariationson thisschemeshouldallow Pnano to beevensmaller.

We cancreatenanowire crossbarsby employing two or moreof the
interfacestructuresdescribedabove, asshown in Fig. 3. We canthen
programthe crossbarjunctionsby addressingindividual crosspoints
with theverticalprogrammingmicrowires(connectedto thehorizontal
nanowires)andhorizontaladdressanddatawires(connectedto vertical
nanowires). This schemeprovidesa mechanismto programa decoder
into the crossbar. The decoderaddressesa secondcrossbarwe will
referto asthedataarray.

The decoderanddataarraypair canbe usedfor logic or memory.
Thedecoderis equivalentto aplaneof AND gates,while thedataarray
is essentiallyaplaneof ORgates.Thus,two-level logic representations
canbe easilymappedto the crossbar. Fig. 4 shows a schematicof a
full-adderrealizedin a crossbaralongwith thetruth table.

Memory can also be implementedin thesestructures. However,
memoryrequirestheability to programthedataarrayvia thedecoder.
Thus,to avoid inadvertentlyprogrammingthedecoderwhenwriting to
the dataarray, it may benecessaryfor the decoderto consistof junc-
tionsthatareprogrammedathighervoltagesthanthedataarray.

To furtherreducetheareaoverheadassociatedwith theCMOS/nano
interfacestructure,it may alsobe desirablefor multiple decoderand
data array pairs to sharethe horizontalnanowires during the initial
crossbarprogramming.Thiscanbeaccomplishedvia astructureshown
in Fig. 3. A methodof postprogammingisolationcanthenbeusedto
allow eachdecoderanddataarraypair to functionindependently.
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Fig.3. A platformfor logicandmemorycanbeassembledby combining
a numberof diagonalinterfacestructures.

Fig. 4. Thetruth tablefor a full-adderandthecorrespondingmappingto
a nanocrossbartechnologyemploying bistablediodejunctions.

C. CMOSInterfaceCircuitry

Although the nanocrossbarcircuits hold the potentialfor high de-
vice densities,therearea numberof inherentcharacteristicsthatpose
problemsfor this technologyalone.Oneof themostsignificantis the
lack of signalgain in a diode-resistorcircuit paradigm.Thus,signals
on the crossbarmustbe periodicallyrestoredto the appropriatelogic
levels. In addition,thecrossbarsuffers from aninability to implement
analogcircuitry, alackof aninversionfunction,anddifficulty in imple-
mentingsequentiallogic. We suggestedmixing nanocrossbarcircuits
andCMOSon thesamechip to achieve optimaldevice densities,per-
formance,andpower in [3]. In this paperwe expanduponthatnotion
by consideringCMOScircuitry thatcandrive thenanocrossbarinputs
andsensetheoutputs.Fig. 5 shows a schematicof themixedcircuit.
We have found that to meetcertaindesigngoalsit may be advanta-
geousto drive thenanocrossbarwith a differentsignalswingthanthe
CMOSoperatingvoltagelevels. Thus,we useCMOSlevel shiftersto
drive thecrossbarinput lines.Furthermore,senseamplfiersareneeded
to restorethecrossbaroutputsignalto CMOSvoltagelevels. We use
standardCMOS circuits for the level shiftersandsenseamplifiers,as
shown in Fig. 6 a)andFig. 6 b), respectively.

I I I . CIRCUIT SIMULATION RESULTS

For simulationweusethe70nmCMOSPredictiveTechnologyMod-
els (PTM) [15]. At the nanocrossbarjunctionswe usemodelsof the
rotaxanemoleculesasdescribedin [5] and[6]. Thecrossbarjunctions
aremodeledwith theUniversalDevice Model (UDM) [16] andimple-
mentedin Verilog-A. Our simulationsusetheSpectrecircuit simulator
from Cadence.Two additionalsystemparametersof high importance
are the contactresistancebetweenthe microwires and the nanowires



Fig. 5. The systemwe considerinvolvesCMOS level shiftersto drive
the nanocrossbarandCMOS senseamplifiersto restorethe crossbar
outputto CMOSvoltagelevels.
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Fig. 6. We usestandardCMOS circuits for the CMOS interface,a)
level shiftersdriving thenanocrossbarinputs,b) cross-coupledinverter
latchesto sensetheoutputs.

(Rc) aswell asthe junction capacitancebetweenthenanowires in the
crossbar(Cj ). Thevalueof Rc is particularlyimportantfor thesystem
we considerbecauseit actsasthe pull-up resistorfor the AND plane
andthepull-down resistorfor OR plane. Likewise, thevalueof Cj is
importantbecauseit determinesthe amountof capacitancethatneeds
charged/discargedduringswitching.We setRc to 1MΩ andCj to 1aF,
whichis consistentwith valuesfrom [8]. Weassumethewire resistance
of thenanowires,capacitancebetweenthenanowiresandsubstrate,and
crosstalkcapacitancebetweenparallelwiresareall negligible.

We usea 1 volt supply(VddCMOS) for the 70nmCMOS circuitry;
however, we have found that driving the nanocrossbarwith a 1 volt
(Vhighnano) to -0.25 volt (Vlownano) signalswing providesa reason-
ablebalancebetweenperformanceandpower consumption.Further-
more,we use3 volts and-1.5volts for theAND planesupplyandOR
planesupplyof thecrossbar, respectively. Finally, weuseadifferential
sensingschemethatrequiresboththeoutputsignalandits complement

Fig. 7. Simulation waveforms for the nano crossbarand peripheral
CMOSshow thefull-addercrossbarfunctioningcorrectly.

Performance
Delay 491ps
Cycletime 1 ns
Ar ea
NanoCrossbar 3 µm2

Drivers 30 µm2

SenseAmps 40 µm2

Static Power
NanoCrossbar 549nW
Drivers 1.01µW
SenseAmps 67.71µW
AverageEnergy / Cycle
NanoCrossbar 5.78e-16J
Drivers 4.73e-14J
SenseAmps 6.77e-14J
Energy-DelayProduct 5.67e-23J-S

TABLE I

SIMULATED FIGURES OF MERIT FOR THE CROSSBAR FULL-ADDER.

to switchthesenseamp.Despitetheverysmalloutputvoltagechanges
causedby the high resistanceof the diode junction in the on-statein
comparisonto thecontactresistance,thedifferentialamplifiersareable
to deteriminethecorrectoutputvalues.Thesimulatedwaveformsare
shown in Fig. 7. Table I shows otherfiguresof merits for the nano
crossbarfull-adderandperipheralCMOS.

Although the nano crossbarfull-adder and peripheralCMOS we
have simulatedwould be slower, larger, andconsumemorepower in
comparisonto a full-adder implementedin 70nm CMOS, there are
still a numberof reasonsto pursuemixed CMOS/nanocircuits in the
paradigmwe have describedabove. More complex CMOS/nanosys-
temswill mostlikely targetnetworksof crossbars,which mayprovide
opportunitiesfor reducingthe amountof CMOS circuitry. Secondly,
only about0.5%of theaverageenergy in TableI is consumedby the



nanocrossbar� , while the rest is consumedby the peripheralCMOS.
Furtheroptimizationof the peripheralCMOS may achieve additional
reductionsin energy, delay, andarea.

In termsof area,we assumethe nanowire pitch to be 70nm. To
achieve the 70nmnanowire pitch, we estimatethe microwire pitch to
be 210nm. Table I shows our areaestimatesfor the nanocrossbar,
which includesthe diagonalinterfacestructuresand the crossbarit-
self. Areaestimatesfor all thedriversandthesenseamplifiersarealso
shown. Sincethe nanocrossbaris on top of the peripheralCMOS,
the total planarareawill bedeterminedonly by nanocrossbarareaor
the peripheralCMOS area,dependingon which is greater. It is clear
that theCMOSperipheralcircuitry dominatesthe total area,while the
nanocrossbaroccupieslessthan4% of the total area. In comparison
with a 70nmprocessstandardlibrary full-addercell, we estimatethe
overall mixed CMOS/nanofull-adderto be over twice the sizeof the
library cell. However, consideringonly the nanocrossbarand inter-
facestructures,the areawould be only 11% of the full-adder library
cell. Fromthisweseethatto takeadvantageof thesmallnanocrossbar
area,we needto reducetheamountof peripheralCMOS circuitry. A
smalleramountof CMOSperipheralcircuitry will alsoreduceenergy.
New nanoscaledevices that can achieve signal gain and more com-
plex crossbarstructuresaretwo possiblitiesfor reducingtheamountof
CMOSperipherialcircuitry.

Improving the presentcharacteristicsof the crossbar, suchas, in-
creasingthe on-statecurrent throughthe junctionsand reducingthe
contactresistance,will enhancetheperformanceof thecrossbar. This
would be particularlybeneficialin the systemwe considerin this pa-
per. Seeingthat the resistanceof the diodejunction in the on-stateis
very large in comparisonto the contactresistance,the outputsignals
areinherentlyhampered.

However, entirely new devices will createnew circuit paradigms.
For example,devices that canprovide gain without leaving the nano
crossbarwill allow extendedlevelsof logicbeforeinterfacingto CMOS
andallow a reductionin theamountperipheralCMOS.More elaborate
crossbarstructuresmayalsomake theCMOS/nanoparadigmmoread-
vantageous.Theadditionof athird planeof parallelwiresthatcrossthe
outputnanowiresprovidesanopportunityfor a columndecoder. Fig. 8
shows a crossbarsystemthatallows multiple columnsto sharea sense
amplifier. Likewise,thisschemeallowsparallelaccessto multipledata
arrays,which reducesthenumberof drivers. Vertically stackingthree
or morenanowire planesmayalsoallow additionaldensity.

IV. CONCLUSION

While self-assemblednanoelectronicsare still at an early stageof
development, it is not too early to evaluate the potentialsof these
technologies.In this paper, we considereda crossbar-basednanoscale
paradigmwith peripheralCMOScircuitry. Thenanocrossbarparadigm
containsinherentpropertiesthatwill beadvantageousfor futureelec-
tronicssystems.However, for theparadigmwe have consideredhere,
it is clearthattheoverheadof theCMOSperipheralcircuitry will need
to bereducedto take advantageof thepropertiesof thenanoscaletech-
nology. Furtheroptimizationof CMOS drivers and senseamplifiers
specificallyfor nanointegration may reducethe delayandenergy of
the mixed CMOS/nanocircuits. In addition, new nanoscaledevices
thatexhibit gaincouldallow extendedcomputationwithout interfacing
to CMOS,in turn reducingtheamountof peripherialCMOS.Further-
more,morecomplex crossbarstructureswill allow morefunctionality
to be shifted from the CMOS circuits onto the nanocrossbar. Thus,
thereare a numberof device, circuit, and architecturalavenuesthat
mayleadto theraw densitypotentialsinherentwith self-assembledna-
noelectronics.
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Fig. 8. Theadditionof a third planeof nanowires allows a columnde-
coderto includedin thenanocrossbarstructure.
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