Design and CAD Challengesin sub-90nm CM OS Technologies

Kerry Bernstein, Ching-Te Chuang, Rajiv Joshi, Ruchir Puri

IBM Thomas J Watson Research Center, Yorktown Hts, NY
{kbernste,ctchuang,rvjoshi,ruch@us.ibm.com

ABSTRACT mechanisms and structures are proposed for extending CMOS be-

This paper discusses design challenges of scaled CMOS circuits inl0W 90nm. A subset of them are described below.
sub-90nm technologies for high-performance digital applications. . -
To continue scaling of the CMOS devices deep into sub-90nm tech- 2-1 ~ Partially Depleted Silicon-on-Insulator
nologies, fully depleted SOI, strained-Si on SiGe, FinFETs with The Partially-depleted floating-body MOSFET was the first SOI
double gate, and even further, three-dimensional circuits will be uti- transistor adopted for general high speed use, due in part to its pro-
lized to design high-performance circuits. We will discuss unique cessing similarities to common Bulk CMOS. The PD-SOI device
design aspects and issues resulting from this scaling such as gateis largely identical to the bulk device, except for the addition of a
to-body tunneling, self-heating, reliability issues, and process vari- buried oxide (“BOX") layer, isolating the body of the given device
ations. As the scaling approaches various physical limits, new SOI from the bodies of other devices. Isolated below by BOX, to the left
design issues such as Vt modulation due to leakage, low-voltageand right by diffusion junction diodes, and above by gate insulator,
impact ionization, and highe¥; ;;,, to maintain adequat®; sa:, the body’s potential “floats”; this voltage bias is influenced by both
continue to surface. With an eye towards the future, design and static and dynamic effects. SOI offers three main contributions to
CAD issues related to sub-65nm device structures such as doubleémproved performance: (1) reduced junction capacitance, (2) lower
gate FInFET will be discussed. average threshold, and (3) reduced body effect/source follower ac-
tion. This performance is at the cost of some design complexity

1 INTRODUCTION

Scaling the conventional MOSFET beyond the 90nm technology
node requires innovations to circumvent barriers due to the fun-
damental physics that constrains the conventional MOSFET. The
limits most often cited are: quantum-mechanical tunneling of car-
riers through thin gate oxide, from drain to source, and from drain
to body; control of the density and location of dopants to provide
high I,.. /1,5 ratio; and finite subthreshold slope. These funda-

asserted by the floating body of the device, namely parasitic bipo-
lar action and variable drive strength. The reader can reference
[1, 2, 3] for a more thorough treatment of these effects. In addition,

a number of CAD solutions have been developed to mitigate these
problems [4, 6].

2.2 Fully Depleted Silicon-on-Insulator
In order to maintain balance of electric fields and capacitance within

mental limits have lead to the pessimistic predictions of the im- the SOI device, the active silicon thickness must be reduced with
minent end of technological progress in semiconductor industry. scaling. In the PD-SOI MOSFET, a “quasi-neutral region” existed
However, the push to scale conventional MOSFET has continued deep within the body which remained un-inverted even as the given
to show remarkable progress. Continued sca"ng and demand fordEViCe went into saturation. A number of device structure alter-
performance are pushing for lower supply voltage &pdshorter ations have been asserted to preserve and extend this partial deple-
channel |ength, thinner gate oxide, h|gher body dopmg concentra- tion. As active silicon scales thinner, however, the depletion region
tion, and thinner Si film thickness. In addition, new materials such Within the body must expand laterally to satisfy the call for minority
as strained-Si channel on relaxed SiGe |ayer are on the Semicon.CarrierS at the gate oxide interface, to the point where the depletion
ductor roadmap to enhance the mobility and current drive. New region completely encompasses or consumes the body. Ifullyis
device structures such as double-gate FinFETs and 3D circuits aredepleted FET, the threshold of the device is now defined by the
being aggressively pursued for 65nm technology and beyond. Suchamount of charge obtainable within the isolated body. Other novel
aggressive scaling and new device structures give rise to severaidevices are by their nature intrinsically fully depleted, as we will
unique design issues which must be dealt with before any of thesesee shortly.
technologies will gain mainstream acceptance.

SOl technology has been widely accepted for use in mainstream2.3 ~ Strained Silicon Channel

high-performance logic applications in sub-90nm technologies. The
design issues resulting from the floating-body in partially depleted

SOl device structure, such as parasitic bipolar effect and hysteretic Stained §i 100~150&
V% variation, are now well-understood and circuit/design techniques S _ <1000&
to mitigate these effects have been developed. However, as the RZ':“’;:: ss-lf;,’,‘:,;)e" 2100
scaling approaches various physical limits, unique/new SOI design T Buried Oxide . Vbonded

issues continue to evolve/surface.

In this paper, we discuss the design challenges of sub-90nm
CMOS circuits with particular emphasis on the implications and
impact of each individual device scaling element on circuit design.

interface
Figure 1: Schematic cross-section of a strained-Si nMOSFET.

Inducing tension on silicon substrates has been known to im-
prove carrier mobility [7]. Specifically, tensile strain lifts the six-
fold degeneracy in Silicon’s conduction band. Of these six conduc-
tion sub-bands, the D2 and D4 band splits are exaggerated when
under tension, which suppresses carrier scattering and enhances
mobility and drive current. Tensility has been achieved through
various means; mechanical strain and epitaxial strain are two pop-
ular approaches. In one approach of mechanical strain, processing
of the passivation nitride covering the device is altered to cause

estrain. In the epitaxial approach, a thin pseudomorphic silicon is

2 CMOS DEVICE SCALING AND NEW DEVICES

In CMOS technologies below 90nm, the Field Effect Transistor
will remain the fundamental design element of choice for the high
speed logic designer. Changes to this device will be evolutionary
rather than revolutionary. Improvements will be aimed at increas-
ing mobility and decreasing extrinsic capacitance and resistance.
Because a number of factors influence these parameters, multipl
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Figure2: Schematidllustration of a FInFET, insetis a SEM mi-
crographof aFinFET.

grown on a SiGesubstratecausinglattice strain. Both techniques
are capableof improving currentdrive by perhaps25% at satu-
ration, and by perhaps50% in linear mode. Figure 1 shavs the

schematicross-sectionf a strained-SchanneMOSFET

2.4 Double-Gate MOSFETs

Thedouble-gat¢DG) MOSFET offersanappealingut temporary
reprieve to scaling. The mostpopularrealizationof the DG device
is the “FinFET”, initially adwancedby work publishedby Univer-
sity of California- Berkeley [8]. The FinFET is anon-planarfully
depleteddouble-gatedevice built uponaninsulatingoxide layer;
its structureis shavn in Figure2. Thesedevicesachiere superior
drive currentthrough(a) effective suppressiomnf short-channegf-
fect, (b) nearideal subthresholdwing, and(c) animproved body
factor Further this device is still eligible for the samematerial
changesdwocatedor planardevices,namelymetalgatesandhigh-
permittivity gatedielectrics. The FinFET carrieswith it, however,
anew complication:device-width quantization.In planardevices,
the only device width quantawasassertedy the grid stepsizein
the designdatabasesed.In FinFET technologydevice widthsare
dispensedn unitsof wholefins only.

In the following section,we discusssomeof the major de-
signissuesvhichwill significantinfluenceon circuitsin sub-90nm
CMOStechnologies.

3 MAJOR DESIGN ISSUES

Technologie®f thedeep-submicroarahave respondedio thenon-
scalabilityof thresholdsoltagesby accommodatingigherandhigher
staticIDD currents. For a while, this worked, but now a number
of problemsarisingfrom continuedscalingconfrontthe designer
Theseissuesncludeexcessie power dissipationdensity gateox-
ide tunnelingcurrent,self heatingof the device andinterconnect,
and a host of subsequenteliability issues. Theseissuesare re-
viewed below.

3.1 Gate-to-Body Tunneling/Leakage Current

As the gateoxide thicknesss scaledto maintaingatecontrol, V%,
andperformancethe oxidetunnelingleakageincreasegFigure3)
[9, 10]. Nitrided oxide,whichreducegheleakageby orderof mag-
nitude,hasbeenwidely usedin theindustryto containthisleakage.
Neverthelesstheoxidetunnelingleakagencreasedy 2.5X for ev-
ery 0.1 nm decreasén oxide thickness.This amountsto over 30X
increaseper technologygeneration.On the contrary the channel
leakageincreasedy about3X - 5X pertechnologygenerationAs
such theoxidetunnelingleakagehasquickly approached, ¢, and
will surpasd,sy atroomtemperaturdor oxide thicknessaround
1.0nm or below, thusbecominga seriousconcernfor overall chip
leakage Furthermoreat 1.0 nm, thetunnelingleakageor nitrided
oxidereached00A/cm 2, while thetraditionalreliability criterion
for oxide leakageis 1.0 A/cm 2. Recentstudyshoved thatat 100
Alem 2, staticCMOS anddominocircuitsin bulk CMOS still ex-
hibit “acceptabldunctionalityandnoisemaigin” [9].
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Figure 3: Gateleakagedependencen physically effective oxide
thicknesdor pureandnitrided oxide[9].
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Figure4: (a) Differenttunnelingcomponent a Si/SiO-/Si struc-
ture: electrontunnelingfrom conductiorband(ECB), electrontun-
nelingfrom valanceband(EVB), andholetunnelingfrom valance
band(HVB) [10], and(b) MeasurechMOS gatecurrentcharacter
istics. I44 is thetotal gatecurrent,ly is thegate-to-bodyunneling
current[11].

The oxide tunnelingcurrentconsistsof several componentas
shawvn in Figure4(a)[10]. Theelectrontunnelingfrom thevalance
band(EVB) generatethesubstrateurrentin bothnMOSandpMOS.
This substrateurrentcomponents significantlylessthanthe tun-
neling currentbetweerthe gateandthe channel(Figure4(b)), and
its effect canusually be ngglectedin bulk CMOS. In partially de-
pletedSOIl devices, however, this substratgbody) currentchages
/dischagesthe body thuschangingV; andaffecting circuit oper
ation [11]. As this gate-to-bodytunneling currenthasa wealer
temperaturelependencéhanthe channelcurrent,andotherleak-
ageandbody chaging/dischaging currentcomponentsits effect
is morepronouncedat lower temperaturg12]. Also noticethatas
the channellengthis scaled,the gate-to-sourcend gate-to-drain
tunnelingcurrentsbecomeincreasinglysignificantdueto thefacts
(1) the gate-source/draiaverlapregionsconstitutea largerportion
of total gatelength, and (2) the source/drainand extensionsare
heavily doped,henceall the appliedvoltagedropsacrossthe gate
oxide.

Figure5(a)shavs thechangeof individual device strengthin aPD-
SOl staticCMOS inverterin differentinitial quiescenttatesdue
to the presencef the gate-to-bodytunnelingcurrent. Depending
ontheinitial conditionandinput transition,the inverterdelaycan
slow-down or speed-upipto 10%- 15%in a 1.5V, 0.18 um PD-
SOltechnologywith Les s = 0.075um, tox = 2.3 nm,andts; =
150 nm. In the sametechnologyit causesrom 4% slow-down to
6% speed-ut 85 °C in thecritical pathdelaysof a1.1 GHz, 115
W, 170 million transistoy 64b Poner4 PaverPC microprocessor
(Figure5(b))[12].

For pass-transistdrasectircuits,studiesbasednal.2V, 0.13um
PD-SOltechnologywith Lyo;,= 0.075um, physicaltox = 1.5
nm,ts; = 120 nm,andtgox = 145 nmindicatedthatthegate-to-
body tunnelingcurrentcancausedelaychangesip to 11%- over
13% at room temperaturdor single-endedind dual-rail CPL cir-
cuits[13]. In thesametechnologystandardCMOS latchesexhibit
delaychangesipto 6% - 7%, while thefirst cycle latchset-uptime
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Figure5: (a) A partially depletedSOI CMOS inverterin quiescent
statewith inputinitially at“Low” and“High”, respectiely, and(b)
pathcountsvs percentchange®f pathdelaysdueto I, at85°C
for critical pathsin Pover4 microprocessofl2].

for amasterslacelatch paircanchangeupto 12%- 20%(14]. The
resultsclearlyindicatedthatthe gate-to-bodytunnelingcurrenthas
to be carefully accountedor in the timing of scaledSOI CMOS
circuits.

Figure 6 depictsthe changesn the strengthof cell transistors
in thequiescenstateof a6T PD-SOICMOS SRAM cell. Detailed
studyon a 34Kb L1 directorySRAM shaved thatthe presencef
gate-to-bodytunneling currentresultedin much more significant
degradationin the “Write” operationcomparedwith the “Read”
operation.Onthe otherhand,theinitial cycle parasitichipolardis-
turb resultingfrom the aggregateeffect of unselectectellsin the
samebitline wasreduced15].

The gate-to-bodytunnelingcurrentincreasegshe disparity be-
tweenthe 1stswitchand2ndswitch. As shavn in Figure5(a), for
1stswitchwith inputinitially at“Low”, the body of nMOS sits at
a diodecut-in voltage. So, thereis a “small” negative biasacross
the gateandthe body, resultingin a “small” body-to-gateunnel-
ing currentto dischage the body and thereforelower pre-switch
bodyvoltage.For the 2nd switchwith theinputinitially at“High”,
the body sits at “Ground”, andthereis full Vpp acrossthe gate
andthe body resultingin a“large” gate-to-bodytunnelingcurrent
to chage up the body andthereforehigher pre-switchbody volt-
age[11, 12]. Thegate-to-bodytunnelingcurrentcanalsocauseor
“aid”) thefull-depletionof the bodywhenthedeviceis in accumu-
lation mode(suchasin pass-gateonfiguratiorwith thesourceand
drainat “High” andgateat “Low”) [16]. In accumulatiormode,
the gate-to-bodytunnelingcurrentflows from the bodyto the gate,
thusdischaging thebody This extra bodydischaging currentcan
potentiallyresultin full-depletionof the bodyin deviceswith thin
Sifilm, causingsituationsof “quasi-depletion”.

Excessie gatetunnelingalsohaschangeda standingparadigm
in power usageln performance-sortingardwareatthetesterit is
expectedthatthe slovesthardware hasthe longestchannels With
low long-channebkubthresholdeakagethe slow-sort chipsexhib-
ited the loweststatic pawer, but relatively high dynamicpower at
a fixed frequeng (dueto larger gatearea). With gatetunneling
now contrituting approximatelhyhalf of total staticpower consump-
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Figure6: A SOI CMOS SRAM cell in quiescenstate. The pres-
enceof gate-to-bodytunnelingcurrentchangeshe strengthof cell
transistorg15].
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tion, the slow performancesorthardware now alsohashigh static
power. Unfortunately this high static power from gatetunneling
is relatively unresponsie to temperaturegliminatinga meandor-

merly availableto controlleakage.Elevating VDD hasalsobeen
a powerful meansof enrichingfastbin performancesortedhard-
ware, but hereagainthe thinner gate oxide becomesa problem;
gateoxide intoleranceof overwltagereduceshe amountof per

formanceavailable by supplyboost. The implication for products
in sub-90nntechnologiess thatthe optimumdevice designpoint
is muchmorestrongly dependenbn applicationrequirementsin

somecasesa designis bettersened by using a previous device

generatiorat highervoltagesand/ or shorterchannels.

3.2 Self Heating of Device and Interconnect
Thereducedhermalconductvity of low-K dielectricmaterialsin
theinterconnectin additionto over two ordersof magnituddower
thermalconductvity of the buried oxide layerin SOl devices,re-
sultsin local self-heatingof devices. Thisis particularlya concern
for devicesthatareon mostor all thetime (e.g. biasingelements,
currentsource,currentmirror, bleeder etc.),andfor circuits with
high duty cycle andslow slew rate(suchasclock distribution, I/O
driver) [1]. If the device channelis consideredas a heatsource,
the bell-shapedspatialtemperaturaistribution due to local self-
heatinghasa characteristiavidth determinedy the thermaldiffu-
sion lengthin silicon ((ar)'/2, which is a measureof the length
over which the transienttemperaturefluctuationsare significant,
where « is the thermaldiffusivity of silicon. 7 is the clock pe-
riod. It is typically in the sub-50nm range). For a multi-finger
device within the samebody, the spatialtemperaturelistributions
dueto individual active fingeroverlapeachother(local self-heating
affecting nearbyneighbors). This closethermalcouplingamong
nearbyfingersincreaseshe effective thermalresistancetesulting
in much more severe self-heatingthan that predictedfor a single
isolateddevice.

Figure7 shaws the temperatureise in the device junctionand
atM1 basedn adetailed3D thermalanalysisfor a0.18um, L.y ¢
= 0.10m SOl technologywith tungsterniocal interconnecand?7
layersof Cuinterconnecf17]. Noticethatasthe numberof active
fingerincreasesthe temperatureise (or equivalently the thermal
resistance)ncreases.The increasesaturatesat about9 active fin-
gers,wherethe temperaturaise is about3 timesthat for the sin-
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glefinger Noticethatthis saturatioroccurswhenthedistancebe-
tweenthecenterfingerandthefar-awayfingeris ontheorderof the
characteristigvidth of thebell-shapedpatialtemperaturalistribu-
tion. For scaledtechnologywith smallerandtighter groundrules,
thesaturatiorwill occursathighernumberof active fingersandthe
increasen thermalresistancevill belargersincemorefingerswill
be thermally coupled. This large increasan thermalresistances
particularlyimportantfor clock driver, line drive, and1/O drivers,
wherelargemulti-fingerdevicesaretypically used.

Scaling/thinningof the Si film degradesthe thermalconduc-
tivity andincreaseshethermalresistanceueto phonon-boundary
scattering Figure8 shavs thethermalresistancasafunctionof Si
film thicknesswith the buried oxide thicknessasa parametef18].
Noticethattheincreasas particularlysignificantfor thinnerSifilm
with thick buried oxide.

Thelow thermalconductvity of enhanced-permittity dielectrics
alsocausegroblemswith theinterconnecs performancendreli-
ability. Theinterconnecs ThermalCoeficientof Resistanc¢ TCR”)
canrangearywherefrom 0.1to 1% perdegreeC. This resistance
changecanbe anissuein high speedor long distancebusses.As
power dissipatedn thewire aswell asin the FEOL increasesav-
eragetemperatures thewire shouldbeanticipatedvhencalculat-
ing RC delay Thereliability implicationsarereviewedin the next
section.

3.3 Reliability Issues

Sub-90nntechnologieslo notintroducenew reliability exposures,
but insteadshav mechanismshat have evolved with reducedilm
thicknessesand structuredimensions. Wearout mechanismof
concernincludeHot Carrierlnjection(HCI), Negative BiasThresh-

old Instability (NBTI), Time-DependerDielectricBreakdavn (TDDB)

in the front-end-ofline and Electromigration(EM) in the back-
end-of-line;advancedmodelsand CAD checkingtools have been
developedto anticipatethe magnitudeof theseeffects specificto
the applicationconditionsof a given product. HCI, or commonly
“Hot electrons”occurwhenthelateralelectricfield in aMOSFET
elevatesthe enegy of minority carriersabore the ionization po-
tential of a silicon lattice atom,obsered mainly in N-MOSFETS
[19]. Impactlonizationgenerateglectron-holepairs; of the pairs
that do not spontaneouslyecombine thesefree chagescan al-
ter the thresholdof the device over time, eitherby remainingres-
ident, creatingnegative trap sitesin the gateoxide, or by accu-
mulating positive chage in the SOI floating body The so-called
“prompt shift” obsered in devices at stressis actually HCI oc-
curring out at the gate-aerlap region of the rain. Hot carrieref-
fectsarediminishingin sub-90nmtechnologiesiueto the reduc-
tion in operatingvoltage. NBT| hasbecomea first-orderconcern
in CMOS [22]. Affecting predominantlythe P-MOSFET NBTI
is thoughtto be causedby moistureoriginatingin photoresisma-
terials becomingtrappedbelav the device’s nitride layer, where
operatingconditionssuchas high voltageand/ortemperaturean
ionizeit. This mobile chage hasthe ability over time to increase
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the absolutevalue of P-MOSFETthreshold.As overdrive hasbe-
comemore preciouswith voltagereduction,the impactof NBTI
hasbecomeprofound. While incompletelyunderstoodNBTI has
beenthoroughly characterizecand modeled,allowing designers
to anticipatelong term performanceimpacts. As gateinsulator
thicknesseshave beenreducedto maintaininfluenceover chan-
nel inversion, its ability to maintain high dielectric integrity has
beendiminished. Failure of thicker gate insulators(2.5nm and
above) tendedto be suddenin onset,and catastrophic. The ad-
vent of thin gateinsulators,however, haspresentedh new failure
mode,soft breakdown. [20]. High electricfieldssustainedver ex-
tendedperiodsof time ageshedielectric,causingsteadilyincreas-
ing time-dependertbreakdavn currents At a cross-@er point, the
breakdavn revertsto the more traditional hard breakdown. It is
believed thatsustainedields slowly establishdefectcentersn the
gateinsulator Giventhatthesensulatorsarenow lessthan6 atoms
thick, defecttolerances understandabliow. Theadditionof other
speciedn the SiO2to mitigatedirect tunneling currentsis known
to modulatetheseeffects. TDDB currentsare at least2 decades
higherthan, and quite different from, typical tunnelingcurrents.
TDDB is alsoaccuratelycapturedn reliability lifetime modeling
software. Electromigrationeffectsin sub-90nmCMOS are exac-
erbatedby the rising averagetemperaturein CMOS, and by the
inferior thermalgenerationsexceptthat scalinghasinduceddra-
maticincreasen instantaneousurrentdensitiesandjoule heating.
EM is well modeledand can be checled as a chip releasecrite-
ria. Otherreliability mechanismsremorecloselyassociatedavith
the productsapplicationenvironment. Gate oxide damagefrom
ElectrostatiDischage (ESD)duringcomponenhandling,assem-
bly, or systemmalfunction can causefailure modespost-testing
that are not discorered until the partis in the field. SoftErrors
inducedby materials(alphaparticles)or extraterrestrially(cosmic
rays) usedto be confinedto upsetsof the 6-device SRAM mem-
ory cell. In sub-90nmtechnologieslogic circuitry andlatchesare
becomingincreasinglyvulnerable. CAD solutionsfor addressing
SERin logic areonly nonv becomingavailable,andonly canad-
dressa portion of this complec problem.

Precisionof on-chip parametricgs clearly compromisedvith
scaling,andrequiresdesignewigilanceto assurdunctionality Gate
oxide thickness, device channel length, threshold voltage, andover-
lap capacitance are amongthe importantparametersnfluencing
delayvariability which aregrowing harderto controlasCMOSap-
proachegjuantum-mechanicddoundaries A numberof excellent
referencesaddresscontributorsto delay variation, and circuit de-
sighmeando mitigatethe effects[21].

4 DESIGN ISSUES SPECIFIC TO NEW DEVICES

In this section,we will discussdesignissuesthat are specificto
partially depletedSOl, fully depletedSOl, strained-Sidevices,and
double-gatdMOSFETsdevice structures.

4.1 Partially Depleted SOI

With continuedscalingof partially depletedSOI devices,new de-
signissuessuchasVt modulationdueto leakageJow-voltageim-

pactionization,andhigherV; ;;,, to maintainadequaté’ sq:, CON-
tinueto surface. Theseissuesandtheir impacton circuits designs
is discussedasfollows.

4.1.1 Parasitic Bipolar Effect, Reduced-V; Leakage

Certaincircuit topologies,suchasstacled devices, pass-gateand
SRAM bitline structure aresusceptibldo the parasiticbipolar ef-
fect [23, 24, 1, 25, 26]. The topologytypically involves a “off”
transistorwith the sourceand drain voltagesetup in the “High”
state(hencebody voltageat “High”). Whenthe sourceis subse-
quentlypulleddown, large overdrive is developedacrosshebody-
sourcgjunction, causingbipolar currentto flow throughthelateral



parasiticbipolar transistor The parasiticbipolar currentand the
FET leakage(causedy the loweredV: dueto high body voltage)
resultin alossof chage on the prechage (or dynamic)nodeand
can potentially causecircuit failure. The effect is typically more
significantat first cycle after long time of dormang. In SRAM
bitline structure the aggrgateparasiticbipolar effect of the unse-
lectedcellsonthe selecteditline causeslisturbin the Read/Write
operationsandlimits the numberof cellsthatcanbe attachedo a
bitline pair. Variouscircuit/designtechniquego mitigatethe para-
sitic bipolareffect have beendeveloped[25, 26, 2, 27, 28, 29].
While the “basewidth” of the parasiticbipolar transistorde-
creasesasthe channellengthis scaled,the reductionin Vpp re-
ducesthe overdrive availableacrosghebody-sourcgunction. The
high doping concentratiorand steepprofile in scaleddevicesin-
creasahe baseGummelnumber thusreducingthe currentgain of
the parasitichipolartransistor Thethinning of the Si film reduces
the base-emitte(body-sourcejunction area. Hencethe parasitic
bipolareffectbecomegesssignificantwith respecto theincreased
FET currentdrive. ThereducedV; FET leakagds alsocontained,
relative to theincreased~ET currentdrive, dueto thelower Vpp
andlow bodyfactorin high-performancéow-V; transistor

4.1.2 Hysteretic V; Variation and Low-Voltage Im-
pact lonization

The hystereticV; variationdueto long time constantsf various
bodychaging/dischaging mechanismg§impactionizationcurrent,
GIDL, andjunctionleakage/currenindgain/loseof bodychages
throughthe switching cycles haslong beenthe most challenging
taskin the designof floating-bodySOI CMOS circuits [25, 2, 30,
31, 32, 33, 34,35, 36] Variousbodyvoltageestimationrandbound-
ing schemedave beendevelopedfor circuit simulationandstatic
timing [37, 4].

Theimpactionizationcurrentplaysanimportantrole in deter
mining the SOI floating-bodybehaior. As Vpp is scaled,con-
ventionalwisdom basedon electric field inducedimpactioniza-
tion mechanisnexpectssignificantreductionin theimpactioniza-
tion current. However, recentstudyon state-of-the-arBOl devices
shaved thatthe onsetof the kink in the |-V characteristicgs well
below the silicon bandgap E, ~ 1.2 eV), andthe underlyinglow
voltageionizationmechanisntould not be explainedby the con-
ventionalwisdom[38, 39]. Experimentablataindicatedthatwhile
the driving force of impactionizationat high Vp p wastheelectric
field inducedby thedrain,it switchedo latticetemperatur@asdrain
voltageis reducedo belov 1.2V [38, 39]. Thisthermallyassisted
impactionizationmechanisnat low voltageis particularlyimpor-
tantin scaledSOI devices/circuitssinceself-heatingn the thin Si
film would significantlyenhancehis mechanismScaling/thinning
of Sifilm hasotherimplication on hystereticV; variation, which
will be discussedater. Furthermore high doping concentration
andsteepdopinggradientin scaleddevicesincreaseshereversed-
biasedband-to-bandunction tunnelingcurrentbetweenthe drain
andthebody resultingin higherbody chaging current.

One of the commonlyusedgaugefor hystereticV; variation
(or “history effect” asknown in SOl community)is the disparity
in thebody voltagesanddelaysbetweerthe so-called‘1st switch”
and“2nd” switch[2, 33, 11]. The “1lst switch” refersto the case
whereacircuit (e.g.inverter)startsin aninitial quiescenstatewith
input at “Low” andthenundegoesan input-rising transition. In
this casetheinitial DC equilibriumbody potentialof the switching
nMOSis determinecprimarily by the balanceof the back-to-back
drain-to-bodyandbody-to-sourcaliodes.The“2nd” switchrefers
to the casewherethe circuit is initially in a quiescentstatewith
input at “High”. The input first falls, and thenrises (hencethe
name“2nd switch”). For this case the pre-switchbody voltageis
determinedby capacitve couplingbetweerthedrainandthe body
In early generationof SOI technology(e.g. 0.25 um and 0.18
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1m), the pre-switchbody voltageis typically higher (thus circuit
delaylower) for the 1st switch dueto high diode balancevoltage
athigh Vpp. For scaleddevices,the lower Vpp resultsin lower
diode balancevoltage while the capacitve coupling betweenthe
drain and body increaseslue to higher doping concentratiorand
steepdoping gradient. Thus, the pre-switchbody voltagefor 1st
switch decreasesyhile thatfor the 2nd switch increasesandthe
2ndswitchtendsto becoméasterthanthe 1stswitch.

4.1.3 Higher V;

SOl devicesaretypically designedwith a larger V4 ;;, (threshold
voltageat low drain bias) comparedwith bulk CMOS [40]. This
is becausasthe drain voltageis raised,the floating-bodyeffect
causeghe thresholdvoltageto decreaseresultingin significantly
lower V4 54+ (thresholdvoltageat high drain bias). Thus, higher
Vi.1in iS Necessaryo maintainadequaté’; .+ to containleakage.
The higher V4 1, hasadwerseeffects on the performanceespe-
cially for circuit configurationswhere devices spendsubstantial
amountof time in linear region during switching transient,such
aspass-gatestackdevices,and SRAM bitline structureetc.. It is
alsowell knowvn thatthe V; lossin passinga “High” statethrough
a nMOS-only pass-gatelegradesboth the performanceand noise
mamin, especiallyat low supplyvoltage. While full transmission-
gatecanandshouldbe usedto alleviate this problemfor logic cir-
cuits, it is not practicalandoffers no benefitfor SRAM read/write
pass-transistordueto impacton density Fortunately it hasbeen
shawvn thatas Vpp is scaled,the decreasén V; .+ dueto float-
ing body effect becomesnuchlessdueto reductionin the electric
field inducedimpactionization. Thus, for low Vpp, the require-
mentsfor higher V4 ;;» in SOI devicesis relaxed. Furthermore,
the optimum SOl device designmatcheghe I, ¢ ¢ to thoseof bulk
CMOSattheshortesthannelengthof thegiventechnologyatthe
chip operatingemperatureThis allows higher, ¢y atthenominal
channelength(sinceSOl device hasbettershort-channetoll-off)
androomtemperaturdor the SOI devices,thusalleviating there-
quirementfor higherV; ;;», aswell [40].

4.2 Scaling of Si-Film: from PD-SOI to FD-SOI

Themajorbenefitsof scaling/thinningof Sifilm are: (1) reduction
of junction capacitancdor performanceamprovement,(2) better
shortchannelroll-off, (3) bettersoft error rate (SER) dueto less
chagegeneration/collectiomolumn. In addition,the historyeffect

(disparitybetweerilstswitchand2nd switch)is alsoreduced The

reducedunction capacitancémprovesdelaysof both 1stand2nd

switches.However, for the2ndswitch (which tendsto bethefaster
onein scaledtechnologiesas mentionedpreviously), the reduced
junction capacitanceeduceshe capacitve coupling betweenthe

drainandbody causinga decreasén the pre-switchbody voltage
for the 2nd switch, thuspartially offsetsthe performanceémprove-

ment[11].

Onthedown side,thethinningof Sifilm degradeghebodyre-
sistancerenderingbody contactlesseffective andeventuallyuse-
less. Self-heatingbecomesmore serere. Furthermoreasthe film
thicknesss scaledo belav 50nm, thedevice maybecomedynam-
ically fully-depleted(or quasi-depletedWwherethebodywould be-
comefully-depletedundercertainbiasconditionsor duringcertain
circuit switchingtransient. This necessitatean unified partially-
depleted/full-depletedevice modelwith smoothandseamlestran-
sition amongdifferentmodesof operation.Typically, this is mod-
eledby varyingthe built-in potentialbetweerthe bodyandsource
junction, thus changingthe amountof body chagesthe body-to-
sourcediode can sink for a given changein the body potential.
The presencef dynamicfull depletionalsocomplicateghe static
timing methodology wherethe various body voltage boundses-
tablishedbasedon the assumptiorof partial-depletiomeedto be



extendedto cover this nev phenomenaNotice that dynamicde-
pletion tendsto occurfirst in long channel,low-V; devices. For
shortchanneldevices, the proximity of the hearily dopedHALO
increaseshe effective body doping,andthe device is lesslikely to
be dynamicallyfully-depleted.

4.3 Strained Silicon Channel

Strained-SsurfacechanneCMOShasrecentlyemepgedasastrong
contenderfor future high-performancepplicationsdueto higher
mobility andimproved I,,, [41, 7]. Thelattice mismatchbetween
the Si channeland the underlying relaxed SiGe layer resultsin

biaxial tensile strain, which reducesthe intervalley scatteringby

increasingsubbandsplitting and enhancegarriertransportby re-

ducingconductvity effective mass.Combiningstrained-Schannel
and SOl (Figure 1) complementghe improved I,,, of strained-Si
channeldevice with the benefitof SOI [42, 43] However, thereare
quite a few designimplications. The narraver bandgapof SiGe
layercauseseterostructurabandoffset, which reducesd/; andin-

creasedl,fs. The mobility enhancementor nMOS and pMOS

may be quite differentdue to device designand processintegra-

tion constraintd41, 7], which may upsetthe 3 (p/n strength)ra-

tio while migrating existing designs. The tensilestrainis “biax-

ial”, somobility enhancemer{thereforel,, improvement)arethe

samealong X- and Y-axis. However, in somehigh densitydesign
(e.g. SRAM cell), “bent gates”at 45 ° anglearesometimesised,
which would resultin disparityin mobility enhancemerand I,,,

improvement. The SiGe layer has7% higherdielectric constant
and10% lower built-in potentialduethe narraver bandgapresult-
ing in higherjunction capacitancg41, 43]. Furthermorehigher
body dopingdensitycould be neededo compensatéor the V; re-

duction,whichfurtherincreaseshejunctioncapacitanceThether

mal conductvity of the SiGelayeris about15X lower thanthatfor

Si, thusaggraatingthe self-heatingeffect [41].

The presenceof the SiGe layer also significantly affects the
floating-bodyeffect[43]. For 20% Gecontentthebandgaps about
90% of thatfor Si. This narraver bandgapresultsin a higher (~
10X) intrinsic carrier density n;, and thus proportionally higher
recombinationcurrentat the body-to-sourcgunction. However,
the narraver bandgapand higher dielectric constantof the SiGe
layer, andthe higherbody dopingto compensatéor the lowered
V; causeddy the bandoffset, give riseto larger band-to-bandun-
neling currentandtrapped-assistetlinnelingcurrentat the drain-
to-bodyjunction. The latter effect may overpaver the increasean
recombinatiorcurrentat the body-to-sourcgunction, resultingin
moresignificantfloating-bodyeffect.

4.4 Double-Gate MOSFETs

Althoughthe FinFET s still a CMOS transistor its physicalreal-
izationrequiresdesignaccommodationSection2.4 alludedto the
quantizednatureof non-planardoublegatedMOSFETs. The de-
vice width quantumfor the FInFET is the heightH of thefin. Each
fin provides 2H of device width. Designersin planartechnolo-
gieshave beenrelatively unconstrainedn selecteddevice widths,
suchthatappropriategatiosof drive strengthin N-MOSFETandP-
MOSFET deviceswill achieve desiredtrade-ofs in performance,
power consumptionandnoiseimmunity. To achieze comparable
flexibility using FinFETs, morefins of potentiallylongerchannel
lengthsmay be neededo achiese a given betaratio. If not mon-
itored, active and standbypower canbe sub-optimal. Conversely
selectedunctionssuchasdigital delaylines or programmableur-
rentsourcesnay exploit the fixedincrementghatfins enable.Re-
strictionsin device orientationto reduceacross-chipinewidth vari-
ationarebecomingcommonin VLSI, andthefin enjoysthosesame
benefits By orientingfin channelsn parallel,imageclockdistribu-
tion andpower conventionscomparabléao thosein planardevices
mayberealized.
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5 CAD CHALLENGES AND OPPORTUNITIES

DesignandCAD issuegelatedto both partially andfully depleted
SOl circuits have beendiscussedt lengthin the literature[2][6].
In addition,recentresearcthasalsofocusedon the issueof gate-
leakagereduction[5]. However the CAD challengesarising with
the new device structuressuchas double-gateMOSFETsin sub-
65nmcircuit technologiedasnot beendiscussedin this section,
we focuson the impactof double-gateMOSFETson Designau-
tomationtools.

Designautomatiorhasanimportantrole in theintroductionof
FinFETs,andalsomustaddressiew compleities. Dual-gatedde-
vicesdiffer significantlyfrom their traditional CMOS device coun-
terpartsy providing two gatecontrolsfor thesamechannel.Thus,
they provide approximatelytwice the drive currentbut alsopresent
twice the capacitanceao previous stage. If the two gatesare al-
waystied togetheror the back gateis usedasa biasterminal for
modulatingdevice threshold theimpacton DA toolswould be no
more severe thanthe introductionof a typical scaledtechnology
with multiple thresholdvoltages. The major innovation that will
causeDA tools to becomeinadequatds the use of two gatesof
double-gatetMOSFETto be controlledby independensignals.In
that case,a single device can provide an OR function and mary
of the DA tools would be impacted. In the following, we discuss
the impactof double-gateMOSFETtechnologien varioustools
startingfrom fron-endsynthesidool.

SynthesisStandard-Celsynthesiswill notbeimpactedexten-
sively sinceit doesnot requireselectionof transistortopologies
which are preselectedn the standard-cellibrary. However, tran-
sistorlevel synthesianustbe aware of theflexibility of dualgated
devicesin orderto exploit functionality of both the gatesfor im-
plementingsingle device OR function. Sincethe thresholdvolt-
agein double-gataelevicescanbe dynamicallyvariedby changing
the backgatesignal,this presents new opportunityfor logic syn-
thesisto exploit the performancevs power consumptiortradeof.
For new designssynthesisof logical functionsfrom higherlevel
descriptionsmay be performedin FinFET technologiesput with
appropriateaccommodatioffor quantization.

PlacemenandRouting: Becausef the ability to performOR-
ing of two signalswith a singledevice, CMOS cells may not have
anequalnumberof P andN devices. Thusthe cells may become
non-rectangularEffective block placemenshouldhave the ability
to handlethe new shapesTheimpacton routingwill probablynot
be severe. The ability to provide two signalsto the samedevice
may placemoreconstrainton thelocationof cell pins.

Simulationand Tuning: Transistorlevel simulationmustcon-
sideranadditionalgateterminalof double-gatelevices. Tuningof
existing layouttopologieswill probablynot beimpactedseverely,
but tuning of schematicswill have to considerthe new option of
alternatewaysof fingeringan OR device.

Layout and Migration: Creatingnew cell layouts with dual
gateddevices will presentnen challenges. However, sincethe
trendis toward fewer cell topologies(e.qg., primitive gatessuchas
NAND2, NAND3, NOR2,simpleAQls etc),manualdesignshould
be ableto addresghe new challengef how to createrectangu-
lar cells and how to utilize the additionalinterconnectcapability
provided by the backgatepoly. Migration from a singlegatetech-
nology to a dual gatetechnologywill presentconsiderablechal-
lengessinceit violatesone of the premisesof migration, namely
thepreserationof topology The cornversionof planardesignsnto
discretefins maybeachieved“behindthecovers”, for themostpart
transparento thedesignerTransistolayoutconversionandround
off to theclosesnumberof FinsmaybeautomatedThis capability
will beimportantfor designamigratedinto FinFET technologies.

Checking:Extractionmustrecognizenew typesof devicesde-
finedwith two gates.A new level of interconnecmustbe handled
and back and front gate signal connectvity must be determined.
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LP checkingmustrecognizeOR-ingthatoccurswithin a device as
logically equivalentto OR-ingthatoccursbetweerparalleldevices.
Groundrule checkingrequiresrulesfor the new layer, but should
not presendifficulties unlessthe new rulesrequirea new type not
supportedn currenttechnologies.

6 EMERGING TECHNOLOGIES

Both transistorandinterconnectre confrontingfundamentalim-
itations which challengecornventional scaling. Determinationof
next-generationdielectricintegrity, power dissipationdensity de-
lay variability, and manufcturingdefectsis becomingdominated
by quantum-mechanicaonsiderationsphviating the needto ex-
plorealternatve paradigms.Two potentialfuture transistorandin-
terconnectechnologiesredescribed.

6.1 3-Dimensional Integration and Interconnects
Generatiorovergenerationleveragingtheimprovementof theMOS-
FETtransistoiis increasinglycompromisedby interconnecimpedance.
It hasonly beenthroughthe heroic contritutions of back-end-of-
line processengineershatwire delayshave even closelykeptup
with device improvements.The primary meanshave beenthrough
(a) the continuedntroductionin every generatiorof advancedma-
terials (copperwires, low K dielectrics,andbetterliners), (b) the
scalingof wire dimensionsand(c) additionof morewiring levels.
Despitetheseefforts, impedancen the back end of line hasre-
ducedthe spanof control[44]; chip crossinglatenciespnceunder
a cycle long are at approximately4 cyclesnow, and projectedto
grow to 20 cycleswithin 3 years.Figure9 belov shaws thatif die
sizewasscaled(nothingaddedfrom generatiorto generation)|a-
teng/ would have remainedroughly constant.The introductionof
architecturathroughputenhancementsuchasout-of-orderexecu-
tion andspeculatre executionhascausedlie to grov however, as
illustratedin the plot in which absolutadie sizeremainedconstant.
In this case the areaof the die accessiblen one cycle decreases.
This degradeis causedby mary factors;non-scalingof the wire
liner thicknessroll-off in effectiveneswof addedwiring levels,and
inductive effectsat high speedsarethreeexamples.The casethen
for 3-dimensionaintegration of VLSI logic andmemoryis com-
pelling. Potentialbenefitsinclude:

Increasedlevice density

Reducedvire delay

Accesgo agreatemumberof devicesin afixedcycletime
More effective useof capacite gain
Lesslateralcouplingnoiseissues

Lesspower spentin interconnect

Ability for integrationof incompatiblewaferprocesses

By addinga third degreeof freedomin the placementand parti-
tioning of logical elementsthe electricalwire lengthdistribution
for theimplementatiorof a givenfunctionmaybe reducedallow-
ing moreof the MOSFET's performancedwantageto beexploited.
A goalof 3D integrationis impedanceeduction. A demonstrated
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techniqueto implement3D integration calls for the independent
fabricationof eachlayer followed by handle-vafer removal and
bonding[45]. Figure10 illustratesthe technique. Multiple tech-
nologiesmustcorvergeto realizethis structurein manufcturing:

e Stacledsubstratalignmentcapability
Temperaturenanagementia electricalor mechanicameans
3D Modelingof device andinterconnectCAD productvity
Defectmanagementework capability

e Manufacturingcost
3D integrationmay be achieved with existing processesndtool-
ing, with only minor additionalinnovation necessary New ad-
vancesneededeforethis conceptis embracedy theindustryre-
sidein themanagememf manuacturingcostanddefectdensity

6.2 Molecular Computing

The developmentof small switchesexhibiting gainrepresent®ne
of the mostexciting frontiersin our industry Building transistors
atmolecularscaleshaslong beena goalin thedrive to achieve bi-

ological computatiorefficiengy. The value of sucha systemis in

its ability to respondo eachof thechallengepresentedby scaling
- power, performancearea,reliability, andcost. A numberof or-

ganicmoleculeshave beenexamined46], andmuchof theworkin

nano-electronicg&nd micro-electronic-machiningMEMS) is ap-

plicable. The Carbonnanotubd-ield-efect-Transisto( CNFET)is

thefarthestalongof ary moleculardevice. Carbonwhenproperly
formedinto self-closingtubes,presentdield-effect behaior, and
exhibits gain, comparableor superiorto state-of-the-arSilicon-

basedMOSFETSs.Figurell shavs a schematiagepresentatioof a

CNFET As expectedtherearesubstantiahurdleswhich first need
to beovercome.

e DiameterandChirality of the nanotubanustbetightly con-
trolled. Bandgapof the nanubeis a functionof its diameter

e Nanotubesemiconductorseedo bedifferentiatedrom nan-
otubemetals which form regularly duringprocessing.

e Nanotubedike to grow in bundles.Separatioranddistribu-
tion of nanotubess a key requirement

e CNT placementanddevice connectvity mustbedetermined
by thedesignerA numberof techniquefiave beenproposed.
Proposedievicesusing otherorganicmoleculeshave adwo-
cated“self-organizingsystems’to overcomethe questionof
how to asserstructureanddisciplineinto thesedevices.

e Interconnectstill remainto be definedbetweenCNTs. The

contactto a CNT is a Schottk/ barrierdiode, so innovative
techniquesvill beneededo achieve goodlevel transfer



Along with commonscaling,designemproductvity hashadto also
increasdan orderto harnesghe largertransistorcountmadeavail-
able. At the CNFET countwhich may someday be integratedon
a commonsubstrateCAD productvity toolswill be an essential
enablement.

7 Conclusion

We have discussedheimplicationsandimpactof device scalingon
thecircuit designof sub-90nnmCMOScircuits. Major designissues
suchasgate-to-bodytunneling,self-heatingreliability issuesand
processvariationswerediscussedThe gateoxide tunnelingleak-
agehasemepgedto becomea seriousconcernand hasto be care-
fully consideredor propercircuit operationandtiming. Proper
modelingand consideratiorof thermalresistancencreasedueto
thermalcouplingin multi-fingerdevicesandin thin Si film arecru-
cial for accuratelypredictingthe self-heatingeffect. New SOl de-
signissuessuchasVt modulationdueto leakage)ow-voltageim-
pactionization,andhigherV; i;,, to maintainadequaté’; sq¢, that
will surfacedueto device scalingwere also discussed. Strained
Si-channebn SOl improvesthe device mobility andcurrentdrive
with new materialpropertiesdevice designconsiderationsandcir-
cuit implications. Looking beyond 65nmtechnologiesgesignand
CAD issuesrelatedto device structuressuchasdoublegateFin-
FETswerealsodiscusse@ndsomeemegingtrendswereoutlined.
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