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Abstract—In this letter, we proposea new metal-gate CMOS
technology that usesa combination of two metals to achieve low
thr esholdvoltagesfor both n- and p-MOSFET’s. One of the gate
electrodesis formed by metal interdiffusion so that no metal has
to be etchedaway fr om the gatedielectric surface.Consequently,
this processdoesnot disturb the delicate thin gate dielectric and
preserves its uniformity and integrity. This new technology is
demonstratedfor the Ti–Ni metal combination that producesgate
electrodeswith 3.9 eV and 5.3 eV work functions for n-MOS and
p-MOS devicesrespectively.

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

I. INTRODUCTION

REDUCTION of the capacitance-equivalent thickness
(CET)of thegatedielectricremainsamajorchallengefor

scalingCMOS technologybeyond the 100-nmnode.The use
of high- dielectricswill allow a significant reductionof the
equivalentoxidethicknessof thegatedielectricitself.However,
thereareadditionalfactorssuchaspolysilicon-depletioneffect
(PDE) contributing to the total CET of gate dielectrics[1].
Replacingthepolysilicongatewith ametalgatewill essentially
eliminategatedepletionandconsequentlyreducethe CET by
severalangstroms.In addition,polysilicongatesarethermody-
namicallyunstableon many high- materials,suchas
[2] and [3], while many metalsareexpectedto bestable
on advancedgatedielectrics.

A major advantageof polysilicon gatesis that by doping
polysiliconwith eitheracceptoror donoratomsonecanchange
the work function of the gateelectrodeand thusachieve sur-
face-channelbulk-Si p-MOSFETandn-MOSFETdeviceswith
the desirablethresholdvoltages.Sincethereis no well-estab-
lishedway to modify thework functionof ametal,two different
metals(onewith a high work functionof around5 eV andthe
otherwith a low work function of around4 eV) will likely be
neededfor futurebulk CMOSdevices.A straightforwardway to
implementa dual-work-functionmetalgateCMOStechnology
[4] is asfollows. After blanket deposition,thefirst metalis re-
moved from either the p-MOS or n-MOS regions,andthena
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Fig. 1. Schematicillustration of the processflow. (a) CMOS structureafter
secondmetal hasbeenremoved from the n-MOS side. (b) CMOS structure
after annealingshows that the metalson the p-MOS sidehave interdiffused,
andsecondmetalhassegregatedto thedielectricinterface.

secondmetalwith a differentwork function is deposited.Un-
fortunately, thisentailsexposingthegatedielectricto themetal
etchant,whichcausesundesirablethinningandpotentialdielec-
tric reliability problems.

Weproposeanalternativeapproachin whichdualwork func-
tion gatescanbefabricatedwithoutexposingthegatedielectric
to the etchant.First, deposita thin layer of oneof the metals
over theentirewafer. For thesake of discussion,let usassume
this first metal is the one with the low work function. Then
depositthe second(high work function) metalover the entire
wafer(Fig. 1(a)).Next, selectively remove thehigh work func-
tion metal from the n-MOS regionswhile the p-MOS regions
areprotectedby photoresist.Sincethelow work functionmetal
is the only metalremainingon top of the n-MOS dielectric,it
will clearlydeterminethen-MOSFETthresholdvoltage .
Thetwo remainingmetalson thep-MOSsidearesubsequently
allowedto interdiffuse.In somecases,thetwo metalswill mix,
yieldinganintermediategatework function.By choosingasuit-
ablethicknesscombinationfor themetallayers,thecomposition
of themixtureandthusthegatework functioncanbecontrolled.
Thisapproachwouldallow for acontinuoustuningof transistor
thresholdvoltagesindependentof substratedopingconcentra-
tion. This canbeespeciallyimportantfor ultra-thinbodyMOS
transistors[5], whereadjustmentof thesubstratedopingis not
aneffectiveway of -control.In othercases,oneof whichwe
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Fig. 2. Capacitanceversus voltage characteristicsof a fabricatedMOS
capacitorwith Ti/Ni gate.(t = 35 nm) A large (3 V) shift in the flat-band
voltageis due in part to the changein the work function, and in part to the
reductionin fixed charge.

explorein this letter, thetop-layermetalmayhaveapropensity
to segregateatthedielectricinterface(Fig.1(b)).Consequently,
thismetalwill solelydeterminethework functionof thep-MOS
gateelectrode.

II. DEVICE FABRICATION AND CHARACTERIZATION

To demonstratetheproposedmetalinterdiffusiongate(MIG)
technology, wechoseTi asalow work functionmetalandNi asa
highwork functionmetal.Wefirstsputter-depositedanultrathin
(100 ) layerof Ti on top of the gatedielectricfollowed
by 200 of Ni. Thesamplewas thenannealedin forming gas

at 400 C for 30 min. Dueto thehigh diffusivity of
Ni in Ti [5], this low thermalbudgetis sufficient to ensurethat
Ni diffusesthroughtheTi layer to thedielectricinterface.The
work functionof thisMIG electrodewas measuredbothbefore
andafteranneal.Thesemeasuredvalueswerecomparedto the
work functionsof theTi-gatedandNi-gatedcontrolsamples.

A largeshift in the flat-bandvoltage of a p-MOSca-
pacitorwith Ti/Ni MIG gateresultingfrom metalinterdiffusion
wasobserved(Fig.2).Thework functionsof themetalgatescan
bedeterminedby measuringandplotting asa functionof
oxidethickness[7]; theinterceptof theplot givesthegatework
functionrelativeto theSi substrate’sFermilevel (Fig.3).Fig. 3
shows thatbeforeinterdiffusion thework functionof theMIG
electrodecorrespondsto thatof Ti-gatecontrolsample,while its
work functionafterthe400 C annealcorrespondspreciselyto
theNi-gatecontrolsampleannealedunderthesameconditions.
This observation indicatesthat,asthe resultof the400 C an-
neal,Ni hasdiffusedto the interfaceandnow determines
thegatework function.

We furtherconfirm the interdiffusionof titaniumandnickel
by X-ray photoelectronspectroscopy (XPS)analysis.Thedepth
profile for theannealedTi/Ni MIG sample[Fig. 4(a)] indicates
thatNi, whichoriginally wason topof theTi layer, hasdiffused
to the interface.The fact that Ni hassegregatedto the
dielectricinterfaceexplainswhy theTi/Ni gateelectrodehasa
highwork functionaftertheanneal.Thedetailedphotoelectron
spectrumfor Ni at thedielectricinterface[Fig. 4(b)] showsthat
only elementalNi isatthe interface.Theabsenceof nickel

Fig. 3. Beforeannealing,the work function of the Ti/Ni gateis the sameas
thatof theTi-controlgate;afterannealing,it is thesameasthework functionof
theNi-controlgate.As aresultof Ni diffusingthroughTi to theSiO interface,
thework functionof theTi/Ni gatechangesby 1.6eV.

Fig. 4. (a) XPS depthprofile for Ti/Ni gate electrodeafter the 400 C, 30
min interdiffusion anneal.A large concentrationof Ni is presentat theSiO
interface,thus Ni determinesthe gate work function. (b) The photoelectron
spectrumtakenat thebottomof theMIG electrodeshows thatonly elemental
Ni is presentat thedielectricinterface.This indicatesthatNi is thermallystable
on SiO .

Fig.5. Work functionof Ti is3:9�0:08 eV andisappropriatefor n-MOSgate
application.Thework functionof theTi/Ni gateafterinterdiffusioncorresponds
to thatof Ni (5:32� 0:04 eV) andis appropriatefor p-MOSgateapplication.

Marlin Semiconductor Ltd., Exhibit 2005
Case No. IPR2025-00847

Page 2 of 3



446 IEEE ELECTRON DEVICE LETTERS,VOL. 22,NO. 9, SEPTEMBER2001

oxide or nickel silicide indicatesthat Ni electrodeis stableon
for theprocessconditionsusedin this MIG technology.

III. SUMMARY AND CONCLUSION

We have demonstratedan advantageousdual work function
metal gate fabricationprocess.This processrelies on metal
interdiffusion to achieve the desirable work functions for
n-MOSandp-MOSgateelectrodes,andthusthegatedielectric
is always protectedfrom etchants.The measuredTi work
function is 3.9 eV and correspondsto the silicon conduction
band (Fig. 5), thereforeTi is a good choice for the n-MOS
gateelectrode.Ni diffuseseasilythroughTi andsegregatesto
the dielectric interface.SinceNi hasa work function of 5.3
eV (correspondingclosely to the silicon valenceband)it can
be usedto make p-MOSFET’swith a low thresholdvoltage.
OneshouldnotethatsinceTi is not stableon at elevated
temperatures,it cannotbeusedin a standardself-aligned
CMOSprocess.Nevertheless,theproposedTi-Ni combination
canbe usedin a gate-last CMOS process[8] andpoten-
tially in a standardgate-first CMOSprocesswith high- gate
dielectrics.
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