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Dual Work FunctionMetal GateCMOS Technology
Using Metal Interdiffusion
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Abstract—in this letter, we proposea new metal-gate CMOS
technologythat usesa combination of two metalsto achieve low
thresholdvoltagesfor both n- and p-MOSFET's. One of the gate
electrodesis formed by metal interdiffusion sothat no metal has
to be etchedaway fr om the gate dielectric surface. Consequently
this processdoesnot disturb the delicate thin gate dielectric and
presewnes its uniformity and integrity. This new technology is
demonstratedfor the Ti—Ni metal combination that producesgate
electrodeswith 3.9eV and 5.3 eV work functions for n-MOS and
p-MOS devicesrespectvely.

Index Terms—interdiffusion, metal gate CMOS, nickel, tita-
nium, work function, x-ray photoelectron spectroscopy.

. INTRODUCTION

EDUCTION of the capacitance-equalent thickness

(CET) of thegatedielectricremainsamajorchallengefor
scalingCMOS technologybeyond the 100-nmnode.The use
of high-& dielectricswill allow a significant reductionof the
equialentoxidethicknesf thegatedielectricitself. However,
thereareadditionalfactorssuchaspolysilicon-depletioreffect
(PDE) contrituting to the total CET of gate dielectrics[1].
Replacinghepolysilicongatewith ametalgatewill essentially
eliminategate depletionand consequentlyeducethe CET by
severalangstromsln addition,polysilicongatesarethermody-
namicallyunstableon mary high-K materials suchasTa;O5
[2] andZrO, [3], while mary metalsareexpectedto be stable
on adwancedgatedielectrics.

A major advantageof polysilicon gatesis that by doping
polysiliconwith eitheracceptoor donoratomsonecanchange
the work function of the gate electrodeand thus achieve sur-
face-channdbulk-Si p-MOSFETandn-MOSFETdeviceswith
the desirablethresholdvoltages.Sincethereis no well-estab-
lishedway to modify thework functionof ametal, two different
metals(onewith a high work function of around5 €V andthe
otherwith alow work function of around4 eV) will likely be
neededor futurebulk CMOSdevices.A straightforvardway to
implementa dual-work-functionmetalgate CMOStechnology
[4] is asfollows. After blanket depositionthe first metalis re-
moved from eitherthe p-MOS or n-MOS regions,andthena
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Fig. 1. Schematidllustration of the procesdlow. (a) CMOS structureafter
secondmetal hasbeenremoved from the n-MOS side. (b) CMOS structure
after annealingshawvs that the metalson the p-MOS side have interdiffused,
andsecondmnetalhasseyregatedto the dielectricinterface.

secondmetalwith a differentwork functionis depositedlUn-
fortunately this entailsexposingthe gatedielectricto the metal
etchantwhich causesindesirabl¢éhinningandpotentialdielec-
tric reliability problems.

We proposeanalternatve approachin which dualwork func-
tion gatescanbefabricatedvithoutexposingthe gatedielectric
to the etchant.First, deposita thin layer of one of the metals
over the entirewafer. For the sale of discussionlet usassume
this first metalis the one with the low work function. Then
depositthe second(high work function) metal over the entire
wafer(Fig. 1(a)).Next, selectvely remove the high work func-
tion metalfrom the n-MOS regionswhile the p-MOS regions
areprotectedy photoresistSincethelow work functionmetal
is the only metalremainingon top of the n-MOS dielectric, it
will clearly determinethe n-MOSFETthresholdvoltage(Vr).
Thetwo remainingmetalsonthe p-MOS sidearesubsequently
allowedto interdiffuse.In somecasesthetwo metalswill mix,
yieldinganintermediatgyatework function.By choosingasuit-
ablethicknessombinatiorfor themetallayers thecomposition
of themixtureandthusthegatework functioncanbecontrolled.
Thisapproachwouldallow for acontinuouguningof transistor
thresholdvoltagesindependenbf substratedoping concentra-
tion. This canbe especiallyimportantfor ultra-thinbody MOS
transistorg5], whereadjustmenbf the substratelopingis not
aneffective way of Vip-control.In othercasespneof whichwe
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Fig. 2. Capacitanceversus voltage characteristicsof a fabricated MOS
capacitorwith Ti/Ni gate.(t.. = 35 nm) A large (3 V) shiftin theflat-band
voltageis duein partto the changein the work function, andin partto the
reductionin fixed chage.

explorein this letter, thetop-layermetalmayhave a propensity
to segregateatthedielectricinterface(Fig. 1(b)). Consequently
thismetalwill solelydeterminghework functionof thep-MOS
gateelectrode.

To demonstratéheproposednetalinterdiffusiongate(MIG)
technologywechoseTli asalow work functionmetalandNi asa
highwork functionmetal Wefirst sputter-depositeanultrathin
(100 A) layerof Ti on top of the SiO, gatedielectricfollowed
by 200 A of Ni. The samplewas thenannealedn forming gas
(N2 + Hy) at400°C for 30 min. Dueto the high diffusivity of
Ni in Ti [5], thislow thermalbudgetis sufficientto ensurethat
Ni diffusesthroughthe Ti layerto the dielectricinterface.The
work functionof thisMIG electrodenvas measuredboth before
andafteranneal. Thesemeasuredialueswerecomparedo the
work functionsof the Ti-gatedandNi-gatedcontrolsamples.

A large shift in theflat-bandvoltage(Vrp) of a p-MOS ca-
pacitorwith Ti/Ni MIG gateresultingfrom metalinterdiffusion
wasobsened(Fig. 2). Thework functionsof themetalgatescan
be determinecby measuringandplotting Vg asa function of
oxidethicknesg7]; theinterceptof theplot gives thegatework
functionrelative to the Si substrate’s-ermilevel (Fig. 3). Fig. 3
shaws that beforeinterdiffusion the work function of the MIG
electrodecorrespondto thatof Ti-gatecontrolsamplewhile its
work functionafterthe 400°C annealkorrespondpreciselyto
the Ni-gatecontrolsampleannealedinderthe sameconditions.
This obserationindicatesthat, asthe resultof the 400°C an-
neal,Ni hasdiffusedto the SiO, interfaceandnow determines
the gatework function.

We further confirm the interdiffusion of titanium andnickel
by X-ray photoelectrorspectroscop(XPS)analysisThedepth
profile for theannealedi/Ni MIG samplgFig. 4(a)]indicates
thatNi, whichoriginally was on top of theTi layer, hasdiffused
to the SiO, interface. The fact that Ni hassegregatedto the
dielectricinterfaceexplainswhy the Ti/Ni gateelectrodehasa
highwork functionaftertheanneal The detailedphotoelectron
spectrunfor Ni atthedielectricinterface[Fig. 4(b)] shavs that
only elementaNi is attheSiO- interface. Theabsencef nickel
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Fig. 3. Beforeannealingthe work function of the Ti/Ni gateis the sameas
thatof theTi-control gate;afterannealingit is the sameasthework functionof
theNi-control gate.As aresultof Ni diffusingthroughTi to theSiO. interface,
thework function of the Ti/Ni gatechangesdy 1.6eV.
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Fig. 4. (a) XPS depthprofile for Ti/Ni gate electrodeafter the 400 °C, 30

min interdiffusion anneal A large concentratiorof Ni is presentat the SiO-
interface,thus Ni determineshe gate work function. (b) The photoelectron
spectrumtaken at the bottomof the MIG electrodeshavs thatonly elemental
Ni is presentitthedielectricinterface.ThisindicateshatNi is thermallystable
on Si0-.
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Fig.5. Workfunctionof Ti is 3.9£0.08 eV andis appropriatdor n-MOSgate
applicationThework functionof the Ti/Ni gateafterinterdiffusioncorresponds
to thatof Ni (5.32 £ 0.04 eV) andis appropriatdor p-MOS gateapplication.
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oxide or nickel silicide indicatesthat Ni electrodeis stableon
Si0, for the processonditionsusedin this MIG technology

I1l. SUMMARY AND CONCLUSION

We have demonstrate@n advantageousiual work function
metal gate fabrication process.This processrelies on metal
interdiffusion to achievze the desirable work functions for
n-MOSandp-MOSgateelectrodesandthusthe gatedielectric
is always protectedfrom etchants.The measuredTi work
functionis 3.9 eV and correspondgo the silicon conduction
band (Fig. 5), thereforeTi is a good choice for the n-MOS
gateelectrode Ni diffuseseasilythroughTi and segregatesto
the dielectric interface. Since Ni hasa work function of 5.3
eV (correspondinglosely to the silicon valenceband)it can
be usedto make p-MOSFET swith a low thresholdvoltage.
OneshouldnotethatsinceTi is not stableon SiO- at elevated
temperaturedf cannotbe usedin a standardself-alignedsiOs
CMOS processNeverthelessthe proposedri-Ni combination
canbe usedin a gate-lastSiO, CMOS procesq8] andpoten-
tially in a standardgate-frst CMOS processwith high-K gate
dielectrics.
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