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Abstract—

The challengeof extendingMoore’s Law pastthe physicaland economicbar-
riers of presentsemiconductortechnologiescalls for novel nanoelectionic solu-
tions. Circuits composedof mixed silicon semiconductorsand nanoelectonics
can provide a meansfor gradually switching technology paradigms. We sug-
gesta designmethodologyto accompanythis concept. Furthermor e, we explore
designtradeoffs for a nanoscalecrossbartechnologythat supports CMOS/nano
co-design.

I. Intr oduction

While traditional silicon electronicsshould continue industrial
dominancefor at leastthe next decade novel nanoelectronicsolu-
tionswill beneededo surmounthe physicalandeconomidarriers
of currentsemiconductotechnologiesandcontinuealongthe expo-
nential projectionsof Moore’s Law. Although mostnew nanoelec-
tronicsolutionsarestill in theirinfangy, they presenthepotentialfor
unprecedentetkvels of device density low power computing,and
possiblyhigheroperatingspeed.Despitethis high potential,it will
be very difficult for any new technologyto competehead-to-head
with silicon’s large-scalefabricationinfrastructure,proven design
methodologiesandeconomigredictability

For brevity, in this papemwe referto corventionalsilicon electron-
ics, including future variationsto silicon MOSFEFbasedelectron-
ics,as"CMOS". Likewise,we usetheterm“nano” to referto novel
nanoscalelectronics.

A feasiblescenarids thatthe exponentialreturnsof silicon scal-
ing will flattenaboutat the sametime as nanoelectronicsvill ma-
ture towardshigh levels of integration. However, the prerequisites
for any nanotechnologyaking silicon’s top spotin the electronics
industry include a large industrial backing, massfabricationabili-
ties, adequatalesignmethodologiegndtools, possiblynew archi-
tectures,plus mary otherobstacles.While theseobstaclescanbe
surmountedn the long term, an abrupttechnologychangeis not
likely to happersoon.

An alternatve approacho anabrupttechnologychanges thein-
tegrationof silicon with nanoelectronics,e. mixedCMOS/nanan-
tegratedcircuits. This route would allow a smoothtransitionand
permit leveragingthe beneficialaspectsof both technologies. A
smoothtransitioncanbeachievedby first integratinga smallamount
of nanoon a predominantlyCMOS chip. In successie generations,
the amountof nanocan be increasedas the amountof CMOS is
decreasedIncreasingthe nano-to-CMOSratio over time canpro-
vide ameango easanto anew technologyparadigm.Furthermore,
the possibility of mixed CMOS/nancacircuits permitsusingthe best
aspect®f bothtechnologiesimultaneouslywhile theundesiredas-
pectsof atechnologycanbecompensatetly the partnertechnology
ThemixedCMOS/nanaconceptlsowill encounteanumberof ob-
stacleshowever, the hopeis thatmary of the undesirablebstacles
encountereth anabrupttechnologyswitch canbe avoided.
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Il. Mixed CMOS/nano Cir cuits

CMOS-baseclectronicawill alsorequiremary breakthroughn
order for the semiconductoindustry’s ITRS roadmapto [1] hold
true. Thus,evenif CMOS a decade€rom now looks very different
from today we canestimatewith a reasonabléevel of accurag its
statusat thattime. On the otherhand,the future of nanoelectronics
is muchmoredifficult to project.

Currentlythereare a numberof technologieghat have high po-
tential for nanoelectronic$2]. One key differentiatingfeature of
ary nanotechnologys whetherthe underlyingfabricationapproach
is a “top-down” subtractve methodor “bottom-up” self-assembly
Many nanotechnologiesising top-dovn approachessuch as sil-
icon and heterojunctionresonanttunneling diodes (RTDs), shav
good performance.However, the physicaldimensionsof thesede-
viceswill belimited by theresolutionof thetop-dovn processe.g.,
lithographyor nanoimprinting.On the otherhand,the sizelimits of
bottom-upself-assemblyould be muchsmaller sinceassemblyis
controlledontheatomicor molecularscale.

In this paperwe focuson nanotechnologiethatemploy bottom-
up methods suchaschemicalself-assemblyOne suchtechnology
molecularnanoelectroniceomprisesdevices and/orwires consist-
ing of singleor just afew moleculesandrepresentsiearlythe ulti-
matelimit in scaling. Bottom-upapproachesgypically cannotrepli-
catethe comple structureghattop-dovn fabricationmethodssuch
aslithography canachieve. Thus, molecularcircuits presentlyare
restrictedto regular or periodicstructureghat canbe producedvia
self-assembly The inherenttradeof involves sacrificingarbitrary
designcompleity for a higherdensity regularly structuredandpo-
tentially low-costapproach.A numberof nanotechnologiebased
onregularstructureshave shavn preliminarysucces$3], [4], [5].

While muchof the analysisin this paperis applicableto several
nanotechnologyapproachedasedon regularly structuredcircuits,
we usethe crossbartechnologyproposedy Hewlett-Packardand
UCLA for demonstratingdeasat a lower-level of abstraction3],
[4], [6], [7], [8]. This crossbartechnologyis composedf arrays
of crossedhanoscalavires with bistablenanoscaleswitchessand-
wichedbetweertheintersection®f thewires. Theupperleft portion
of Fig. 1 shavs a simplified diagramof sucha crossbarMolecules
arepresentat eachjunction,forming atwo-terminaldevice thatcan
be electrically configuredto behae asa low resistanceliode or a
high resistancaliode. Thesemolecules suchasrotaxanesr can-
tenanesgcreatea programmableomputingfabric that canbe used
for memories,logic arrays,etc. Harvard hasdemonstrateé sim-
ilar circuit paradigmconsistingof crossednanavire p-n junctions
[9] aswell aslogic gatesfrom crossechanawire field-effecttransis-
tors (cNW-FETS)[5]. ConceptuallymagneticRAM (MRAM) also
consistsof a similar array of crossedwires with bistablejunctions
[10].
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Fig. 1. We considera designparadigminvolving nanoelectronicena CMOSIC.

Molecularcrossbartechnologiegpresentan opportunityfor high
computationalensitieshowever, they do suffer from somesignif-
icant drawvbacks. Most of the suggestedistabledevices are two-
terminal devices having the ability to switch betweena low resis-
tancestateand a high resistancestate. Rectifying (diode-like) be-
havior is alsogenerallypresentin thesedevices, dependingon the
technology Being restrictedto a diode-resistotogic style results
in an inability to achieve signal gain. The lack of gain will re-
strict the array size and requireinterfacing to technologycapable
of achieving gainfor extendedcomputation. Anotherdrawvback of
diode-resistotogic is the inability to implementaninverter Thus,
withouta completdogic family, botha signalandits complemented
signalarerequiredfor full logic capabilities. The lack of inversion
alsocomplicatessequentiaktorageelementsin addition,while the
crossbaparadigmhasa feasibleroutetowardsdigital computation,
developinganalogcrossbarcircuits shouldprove moredifficult. In
general realizinganalognanocircuits will be complicatedby sig-
nal noise and the inherentdefectratesassociatedvith bottom-up
assembly Thereforeit seemshat suchcrossbartechnologieswill
requiresomesortof partnertechnologyto adequatelyperformcom-
putation.Previously proposedano-architecturesuggesmixing the
crossbaparadigmwith anothemoleculamanotechnologfor com-
putation[11], [12]. While suchsolutionsmay be achievablein the
long term, they requirethe integration of two different molecular
nanotechnologiesn the samesurfacewhich significantlyincreases
manuficturingcomplexity. Keepingin mind the difficulties of fab-
ricating a molecularcrossbatechnologyby itself, integratingsuch
a crossbaion top of a prefabricatedCMOS IC, asshowvn in Fig. 1,
will be easierto achieve, yet provide a robustcomputingparadigm.
We referto this designparadigmasNanoon CMOS (NoC), similar
ideasbeingalsosuggestedh [2].

The NoC paradigmalsoallows for significantdesignversatility.
For example,while the nanoportion is restrictedto regular struc-
tures,the CMOS portioncanbe ary arbitrarycircuit. A numberof
designscenarioxanbe ervisioneddependingn the physicalchar
acteristicsof the nano. One extremeis with the CMOS asthe pri-
mary computatiormediumwhile the nanoon top is usedasa sup-
plementto betterachieve integrationgoals. For example,the nano
crossbarcouldactasmemoryor largelogic arrays.Lik ewise,atthe
otherextreme thenanoportionwould be primarywhile theunderly-
ing CMOSwould beusedsimply to provide signalgainandlatching
capabilities.A morebalancedpproachtusesboth mediumsfor pri-
mary computatiorwith portionsof the circuit beingallocatedeither

to CMOSor nanoatafinergrain. In thenext sectionrwe addrespar
titioning aswell asanoverall designmethodologyfor sucha mixed
CMOS/nanaapproach.

Ill. CMOS/nano Co-design

The generalconceptof a mixed CMOS/nanacircuit is to divide
the functionality betweena conventional CMOS technologyand a
nanoelectronid¢echnology(nano). We considera bottom-upnan-
otechnologythat is restrictedto regular circuit structures. Other
characteristicglependenbn the specificnanotechnologysuchas,
switching speed area,power, and defectdensitieswill alsoplay a
role in the partitioningprocess.

New designmethodologiesreneededor mixedCMOS/nanair-
cuits. The possibility of high device densitiesfor nanocombined
with the presenthallengeof CMOS designpoint towardsa highly
automatednethodology Fig. 2 shavs a genericdesignmethod-
ology for a CMOS/nanocircuit. This genericmethodologyis an
adaptedversionof a typical ASIC designmethodologyandtamgets
scenarioswhere portions of the circuit can be allocatedto either
CMOS or nanoat afine grain. The key featurein the figureis the
partitioningthat occursafter RTL synthesis.Fig. 2 alsoshaws our
proposedoartitioning procedurein expandeddetail. The partition-
ing procedurerequiresinformation aboutthe CMOS processchar
acteristics,suchasa high level descriptionof the standardcell li-
brary, including gatedelay area,andpower estimategor the cells.
The nanoprocessalsoneedsto be characterizedt high level. For
example,the crossbatechnologydescribedn the previous section
cannotimplementsequentialogic or producesignal gain. Mech-
anismsfor determiningthe maximumcrossbadimensionsneedto
be suppliedin the caseof a technologylacking signal gain, aswe
shav in the next section. In additionto functionality, delay area,
power, anddefectdensitiesalsoneedto beincludedin thenanotech-
nology characterization Anotherimportantmetric is the overhead
associateavith interfacingthe CMOS andnanoportionsof the cir-
cuit. We discussCMOS/nananterfacingin moredetailin the next
section. The lack of gainin the crossbattechnologyrequiresperi-
odicinterfacingto CMOScircuitry to restoresignalintegrity. Signal
restorationcircuitry consistsof the equivalentof a senseamplifier
anda buffer to drive thenext crossbarThusswitchingdesignmedi-
umsandrestoringnanosignalswill comewith anoverhead.Using
the CMOS/nandechnologycharacterizatiomndthelogic level rep-
resentatiorobtainedfrom synthesisthe partitioningproceduregoes
throughfour phase®f allocation:

Pass1 Default Allocation - This passallocatego CMOSthe por-
tionsof the circuitsthatcannotbeimplementedn nano.Continuing
with thecrossbaexample thiswould includeall analogandamplif-
cationportionsof the design.

Pass2 Global Allocation - Taking the designconstraintsandob-
jectivesasaninput, this passallocateghe portionsof thedesignthat
areinherentlysuitableto oneof thetechnologiesFor example,the
critical pathof the circuit may be allocatingto the technologythat
can performfastercomputation. The HP/UCLA crossbartechnol-
ogy is predictedto have slower switchingspeedshanCMOS, thus
thecritical pathof the circuit will beimplementedn CMOS.Onthe
otherhand,the HP/UCLA technologyis predictedto consumdess
powerthanCMOS,solargeregularstructuressuchasRAM, will be
suitedfor implementatiorin nano.In generaljt is expectedthatthe
I/0, BIST, control logic, and sequentiaprocessings bettersuited
for CMOS implementationwhile parallel processingand memory
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Fig. 3. A PLA representationf afull-addermappedo a nanocrossbatechnology
emploing bistablediodejunctions.

is moresuitablefor nanoimplementation.

Pass3 Local Allocation - This passusesthe interfacecostasan
aid to determineif circuitry nearthe previously allocatedportions
shouldbelocatedon the samemedium.

Pass4 Final Allocation - Theremainingportionsof thecircuitare
allocatedo the optimalmedium.

A brief exampleof partitioningfor agenericcircuit would beto al-
locatel/O, BIST, analogcircuitry, controllogic, andsequentialogic
to CMOS.In turn, disk storagemainmemory andparallelprocess-
ing would be allocatedto nano. Cachewould be allocatedto nano
if accesgimesarefasterenough,otherwiseit would be realizedin
CMOS. The remaininglogic would be allocatedto the appropriate
medium taking designconstraintandinterfacecostsinto consider
ation.

While the first allocation passoccurs only once, the second
throughfourth allocationpassesan iterate until an optimal solu-
tion is located. Following the partitioning procedure the generic
CMOS/nanaco-desigmrmethodologyperformstechnologymapping.
The CMOS portionof thedesignfollows atypical ASIC technology
mappingflow. On the otherhand,the nanoportion usesa different
methodfor technologymappingwhichwill bediscussedh thenext
section.
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Fig. 4. a) A half-addermappedusingan arbitrarylogic representationh) A half-
addemappedusingatwo-level logic representatiofPLA).

IV. NanoBackend Analysis

It will be necessaryo supplyamplebaclendinformationto ear
lier stepsof the CMOS/nanaco-desigreycle, suchassynthesisand
partitioning. The ability to quickly evaluatepotentialtradeofs for
nanowill allow betterdecisionsearly in the designcycle. In this
sectionwe analyzea nanotechnologyasedon arraysof crossed
nanavires andpresentapproacheshat canbe usedfor fast,yet ac-
curate estimations.

Relyingonself-assemblyor fabricationrestrictsthenanoportion
of the designto regular structures.The productof self-assemblys
typically a blankfabricthatrequiresprogrammingdor uniquefunc-
tionality. Regular structuresareinherentlysuitedfor memory while
LUTs and PLAs areregular structureghat can be usedfor imple-
menting logic. For example, Fig. 3 shows a full-adder mapped
to a crossbarwith diode-like junctionslike the HP/UCLA cross-
barparadigm.Therearetwo scenariogo be consideredn termsof
technologymapping.Onescenarianvolvesaself-assemblyrocess
that can produceonly uniformly sized crossbararrays. This sce-
nario makestechnologymappingfor a molecularcrossbartechnol-
ogysimilarto anFPGA.A secondcenariallowsthedimensionof
eachcrossbaarrayto bedifferentandcontrolledatfabricationtime.
Onemethodof controllingthe coarsedimensionof a self-assembly
processs to uselithographyto definethe borders,sometimese-
ferred to as directedassembly{13]. This secondscenarioallows
for optimizing results.Optimizationin a flexible crossbaparadigm
involves threefactors: the optimal logic mapping,the cost of in-
terfacingto CMOS, andthe sizerestrictionon the array due signal
degradation.

A. Optimal Logic Mapping

Oneaspecbf optimallogic mappingconsistof choosingthe ap-
propriatelogic representationsuch as multi-level logic (arbitrary
structures)minimizedtwo-level representatiofPLA structures)pr
the minterm canonicallogic representatioffLUT structures). The
minimizedtwo-level representatiois themostappropriatdor cross-
bar structureghatcaneasilyimplementboth PLAs andLUTSs. Fig.
4 comparesa half-adderimplementedboth from the a) PLA rep-
resentatiorand b) arbitrary logic (reconstructedrom [11]). This
example,aswell asothertestcircuits, favors PLA implementation
in termsof arraysize. Whenconsideringa crossbarcircuit, areais
a particularlyimportantmetric becauset dictatesthe interconnect
capacitancend resistancewhich in turn influencesother metrics,
suchasdelayandpower. However, apossiblygreateradvantageof a
PLA implementatioris thatthelogic level representatiors directly
proportionalto the physicalarray size, which allows for fastesti-
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matesof the physicaldesignearly in the designcycle. Choosinga
PLA representatioover a LUT representatiomssentiallyinvolves
tradinga universallogic arrayfor amoreoptimallogic array Equa-
tions (1) and(2) governthe sizeof adiode-basedrossbarfor LUT
andPLA structuressimilar to thecircuit in Fig. 3. In theequations,
N is the numberof literalsin all the functionsimplementedon the
crossbarf is the numberof functions,andc is the numberof two-
level minimizedcubesin all the functions. Equation(3) shavs the
areaoverheador a LUT structureversusa PLA structure.Thus,the
optimality of a PLA representatiomcreasegasmorefunctionswith
overlappingproducttermsareallocatedo a singlecrossbar

LU Tarea = 2V (2N + f)Pyire (1)
PLAGrea = C(2N + f)Pyire? (2)
PLAgyings = 2V /c (3)

B. Interface Cost

Therewill be someoverheadincurredwhen a signal switches
mediums. Furthermore the lack of signal gainin somecrossbar
technologiesnandateshatthe computatiormustleave the crossbar
periodicallyfor restoringsignalintegrity. CMOS signalrestoration
will consumearea,power, and causesignaldelay However, since
very large PLA structuresbecomeinefficient, a network of nano
PLAs is moredesirable. Given the potentialinterfacecostassoci-
atedwith leaving a crossbaranimportantdesigndecisioninvolves
whetherto allocatemary functionsto afew large crossbarsr fewer
functionsto a mary smallercrossbars.Using a PLA logic repre-
sentationwe can estimatethe tradeofs involvedin thesedecisions
at a high level. Oneway to measurethe size of a crossbaiis to
addtogetherthe unit-crossbaareas.A unit-crossbaareais simply
the pitch of a horizontalwire timesthe pitch of a verticalwire. We
analytically explore tradeofs in crossbamranularityby represent-
ing the interfaceoverheadin termsof unit-crossbamareas. Fig. 5
shavs anexampleof thesetradeofs associatedvith anN-bit adder
The comparisoninvolvesan N-bit carry-rippleadderimplemented
in a single crossbharcomparedo a chain of 1-bit full-adderswith
aninterfaceoverheadncurredfor eachfull adder The vertical axis
of the figure is the areaof the single N-bit PLA addersubstracted
from the N 1-bit PLA adderarea. Therefore the designspacewith
negative vertical-axisvaluesfavors a single PLA implementation,
whereaghe designspacewith positive vertical-axisvalueshasan
optimal multiple-PLA implementation Lik ewise,compromisede-
tweenthesetwo extremescanbe explored,suchasimplementingan
N-bit adderon M PLAs,with M < N.

A more generalinterface problem involves the mismatch of
CMOS wire pitchesand nanowire pitches,which is complicated
by the restrictionto regular nanotopologies. We will usethe term
microwiresto referto the wiresin the CMOS portion of the design
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Fig. 6. a) A CMOS/nananterfacestructurethatrelieson maskalignmentprecision
and a programmediecoder b) A seconddecoderdesignthat illustratesintegrated
logic andmemory

andnanaviresto referto wiresin the nanoportionof thedesign.In-
terfacingmicrowires and nanavires end-to-ends not desirablebe-
causethe device densityof the nanocrossbhamwould be limited by
the CMOS processwire pitch. In addition, it is expectedthat the
density of the nanoportion is high enoughto warrantaddressing
the nanocrossbarsn anencodedashion. Thus, micro to nanode-
codersand encodersalsoreferredto asdemuwesand muxes, have
beenproposedo interfacethe two technologiesaswell asprovide
a solutionto the microwire and nanawire pitch mismatch[7], [12].
Thesedesigngely on stochasti@assemblyand/orfabricationcontrol
of irregularfeaturesat nanoscaleesolution.

To avoid thesepotentialfabricationproblems we proposea new
decodedesignfor interfacingCMOSandnano.Insteadf requiring
stochasti@assemblyandirregularnanoscal@atternspur designge-
lies on precisionmaskalignmentandprogramminghe decodeiinto
thecrossbarFig. 6 a) shovshow themicrowire pitch canbereduced
to the nanawire pitch by using on-off masksaligneddiagonallyto
producea one-to-onemicrowire to nanavire correspondenceThe
decodeiis thenprogrammednto the crossbaafterfabrication.The
structurein Fig. 6 a) demonsratebow microwire addresdines can
be built into the decoder Likewise, asshowvn in Fig. 6 b), the di-
agonallyalignedmaskscan be usedto reducethe pitch beforethe
decoderFig. 6 b) alsoshovs how multiple arrayscansharethe pro-
grammingmicrowireswith the aid of a post-programmingsolation
mechanismA seconchicefeatureof the structurein Fig. 6 b) is the
ability to integratelogic andmemory While logic is programmed
using the microwires following fabricationand only readthereon
after, memoryrequiresthe ability to readand write datamultiple
times usingthe decoder To allow datato be written to the mem-
ory arraywithout overwriting the programmedunctionsin the de-
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coder we suggesemploying a decodercomposedf junctionsthat
are programmedt differentvoltagesthanthe memoryarrayjunc-
tions. We believe this is feasablebecausea nanoscalgitch is not
requiredbetweerthe decodermndmemoryarray Thus,a nanavire
array could be placedat a lithograhically defineddistancefrom an
anothemanawire arrayconsistingof a seconaype of devices,e.g.,
dissimilararrayscould be madeby usingdifferentmolecularjunc-
tionsor growing oxidesof differentthicknesse$or eacharray The
decodeschemedn Fig. 6 arealsobeneficialin termsof defecttoler
ance.Sincethe arraysbegin asblankfabrics,defective wirescanbe
locatedthroughtestingandsignalscanbe re-routedto sparewires.
As in [11], this defecttoleranceapproactis moreeffective for faults
resultingin opencircuitsthanfor faultscausingclosedcircuits.

C. Physical Limitations

Althoughanalysisat higherlevelsof abstractiormaysuggester
tain optimal crossbamappingsthe physicalsizeof the crossbaar
rayswill belimited by thecharacteristicef thecrossbatechnology
aswell asthe designgoalsandconstraints.

To explorethe designspaceof the programmedlecodemve intro-
ducedpreviously, we modelthe bistablerotaxanecrossbajunctions
from[3] and[4] usingVerilog-A, asshavnin Fig. 7 a). We simulate
the decodereadinga memoryarrayfor variablearray sizesusing
Cadences Spectrecircuit simulator Fig. 7 b) shovs a generalized
schematic.The explicit resistorsRyng and Ry aresetto nearopti-
malvaluesandthememoryarrayjunctiondiodesareprogrammedo
bring out worst casescenarios Thelack of gainin the diode-based
crossbartechnologyas well asthe non-idealbehaior of a diode-
baseddecoderi.e., leakageby diode-resistoAND gatescausethe
worst-caseon/off voltagedifferenceto decreasas the size of the
decoderandthe memoryarray grow. One mechanisimo increase
the worst-caseon/off voltageis to increasevdd. Fig. 7 c¢) shavs
our simulationresultsfor worst-casen/off voltageasthesizethe of
the arrayandVdd arevaried. However, anincreasan Vdd will in
turn raisethe power consumptionasshavn in Fig. 7 d). Thus,the
resolutionof CMOS senseamplifiersmay restrictthe sizesof cross-
bar arraysand power consumptiongonstraintsmay resrictraising
Vdd. Crossbarsperatingat highersupplyvoltageswill alsorequire
level shiftersto cornvertbetweerCMOSvoltagelevelsandnanovolt-
ages.Furthermorethe behaior of the rotaxangunctionsneedsto
be reconsideredor larger supplyvoltages. Anotherissueinvolves
whethertheheatdissipatedy the CMOScircuitry will effectthethe
nanocrossbar®ntop. But in general seeingthatthe nanocrossbar
paradigmis still at an early stageof developmentthereremainsa
variety of ways for improvement,suchas emplgying diodeswith
more ideal characteristicor the incorporatingother devices, such

as,nanoscald¢ransistors.

V. Conclusion

ExtendingMoore’s Law pastsilicon’s physicalandeconomidar
rierswill requirenew nanoelectronisolutions.However, the bene-
fits of siliconintegratedcircuitswill presendifficult competitionfor
novel up-and-comingnanotechnologiesWe proposean approach
stressing'peacefulcoexistence’betweersilicon anda partneman-
otechnology Mixed CMOS andnanocircuits will requirenew fab-
rication and designparadigms. In this paperwe have presented
a methodologyfor CMOS/nanoco-design. In addition, we have
alsoconsideredhe logical andphysicalaspectof a nanocrossbar
technology While nanoelectronicss still quite young,combining
proven CMOS designstratgieswith new novel nanoelectronide-
signapproachesanleadto higherlevelsof computation.
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