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Abstract

Hot-Carrier degradation in p-channel MOSFET's
is investigated comparing Hydrogen (H,) and Deu-
terium (D) annealed devices. Two physical mecha-
nisms are clearly recognized during low gate voltage
stress (|Vg| < |Vbs|), namely the Hot-Electron-Induced
Punch-through (HEIP) and the Interface Sate Genera-
tion (1SG). The dependence of the degradation dynamics
on the gate oxide thickness is discussed in detail, showing
that the Deuterium giant isotope effect can improve the
lifetime of deep sub-micron pMOSFET's by reducing the
I SG process. Finally, the accelerated stress protocol com-
monly used to evaluate pMOSFET Hot-Carrier reliability
iscritically reviewed.

1. Introduction

Reliability of deepsub-mcronn andp channé MOS-
FET's is a mandaory issuefor device scalingand mary
efforts have beendevotedto investigae device degrada-
tion duiing Hot-Carrierstress. Standardprotocds [1, 2]
have beenestablishedand are currerily appliedto per
form acceleratedtressxperimentsusefulto predicttran-
sistor lifetime at the opeating bias. Despitethesepro-
cedureshave been demamstratedto be valugle tools
for device charaterization,their application to new sub-
guartermicron techndogies mustbe carefd verified, in
thelight of themicroscopicaimecharsmsresposiblefor
thedegradationdynanmics.

In thiswork we repot a detailedexperimentalstudyof
Hot-Carrierdegradationin deepsub-miconpMOSFETS.
Comparingheresultsobtainedrom H, andD, anneted
devicesthe impactof two simultaneos degradationpro-
cessesnanely the Hot-Electon-InducedPunch-tinough
(HEIP) andthe InterfaceStateGeneratia (ISG), is high-
lighted during low gate voltage stress(|Ve| < |Vbs|)-
The contritution of each mechaism to perfamance
degradhtion is discussedshaving that different degra-

dationcunesareobtainedor differentoxide thicknesses.

ISG is shovn to bethe domirant degradationmechaism
for verythin gateoxide (¢ ,; < 3 nm)pMOSFETSsandthe
effectivenessof D, treatmentsn improving lifetime of
deepscaledp-chanel MOSFETS is proved. Finally, the
acceleratedtressprocedire commanly usedto evaluate
pMOSFET lifetime is critically reviewed and the major
issuegelatedto the developmentof a new stresgprotocd
arepresentedh detail.

2. Experimental

Low Voltage(LV) andHigh Voltage(HV) MOSFETS
with gateoxide thicknessrangirg from 15 nmto 3 nm
werefabiicatedin 0.25um CMOS techndogy by STMi-
croeletronicsandinfineon. For therefererce sampleghe
anneding stepswere perfamedin H. while the deuter
atedsamplesreceived a D. post-metalannealat 430°C
for 1 hour(1 atm). StandardHot-Carrieracceleratedtress
procedureshave beenusedto charaterizethe reliability
of n andp-channelMOSFETS. The I-V curveswerepe-
riodically measuredn both linear and saturationregime
in order to deternine thethreshdd voltageVy, the max-
mumtranscoductane g,,, andthesaturatediraincurren
It The relative variation of the paranetershasbeen
evaluatedaccodingto theformua:

Af _ fooJos
f fb.s. ’

wheref is themonitoredquariity, e.g. the saturatedirain
currentI§%, estimatedefae (b.s.) andafter(a.s.) stress.
The effectivenessof the anneding receiptin creatingan
accunulationof Deuterium atthesiliconsurfaceis clearly
assessetby the resultsobtaired from n-channel MOS-
FET’s, for which animprovemen of abou afactor10in
device lifetime atthe operding biasis obsered.
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3. Degradation Mechanisms

Fig. 1 shavs the saturatio current degradation for
H, (filled symbols)and D, (open symbols)annealed
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Figure 1. Saturation current degradation for H (filled
symbols) and D, (open symbols) annealed samples
stressed at Vpg = —5.5V, —5.0V, and —4.5 V. Gate
oxide thickness is 4.9 nm. At short stress time the degra-
dation is due to the HEIP (arrow 1), while at longer
stress time ISG becomes the dominant damage mech-
anism (arrow 2). The deuterated sample have an im-
proved resistance to Hot-Carrier ISG.

LV pMOSFETS with 4.9nm gateoxide and0.2um gate
length. Stresswas perfamedat the peakof the gatecur
rentandVps = —5.5V, —5.0 V, and—4.5 V. The cor
responthg gatevoltageswereVg = —0.9 V, —0.85 V,
and—0.8 V. It is clearfrom this figure that at leasttwo
differert mechanisra areresponsibldor the degradation
processAt shortstresdimes(arrav 1) the saturatiorcur
rentincreases accordanewith ameasuredessnegative
thresholdvoltage (the thresholdvoltage absolte value
|Vin| is redwced). This shift is consistentvith the HEIP
processin which a negative oxidechage is createcht the
drain side of the device by secondar electrors injected
over the silicon-axide potentialbarier and trapged into
oxide defects. At constah gatebiasthe negative chage
in the bulk of the oxide increaesthe hole densityin the
channelandthe drain currert in both ohmic and satura-
tion regime. At longerstresstimes (arrow 2) the satura-
tion currentdecreaes,causingaturn-aoundwhich could
be explaired by positive chage startingto overcomethe
shift dueto theHEIP. Sincethestressexperimentsareper
formedat the peakof the gatecurrent,thereis no holein-
jectionin the oxide. On the otherhand a positive chaige
is createdat the silicon surface by ionization of inter-
facestatesintroducedin the silicon bandgapby Hydro-
gen(Deuteium) Hot-Carrierstimulateddesorptio. The
defectcentresproducedby Si-H (Si-D) bord breakirg
introdwe in facta dona-like andan acceptotik e spuri-
ousstatein the silicon bandgép, the former nearthe va-
lencebandedgeandthe latter nearthe condiction band
edge[3,4]. Thesearefastinterface statesandtheir occu-
pationfollows the position of the Fermilevel in the en-
ermgy gap Sincein a pMOSFET at inversion the Fermi
level is locatednearthe valerce band edge,the Si-H
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Figure 2. Schematic representation of the charge trap-
ping mechanisms that take part in pMOSFET Hot-
Carrier degradation at low gate voltages. Negative
charge in the bulk of the gate oxide is a result of the
HEIP mechanism whereas positive charge at the silicon
surface is generated by ionization of donor-like interface
states (IS) introduced in the lower part of the band gap
by Hot-Carrier ISG. Note that interface states in the up-
per part of the band gap are acceptor-like, that is neutral
when empty.

(Si-D) bondbrealing resultis the gererationof netpos-
itive chage at the drainside. A schematidllustration of
thechauge trappingmechanismsakingpartin pMOSFET
Hot-Carrie degradationat low gatevoltages is repated
in Fig. 2. Note the negative chage trappedin the oxide
andthe positive chaige originating from the ionizatin of
thedoror-like interfacestatesn thelower partof theen-
ergy gap. The comparisonof the resultsobtaired from
H, and D, annealeddevices confirns theseconsidera-
tions. It is well-establishedh factthatdeuteatedsamples
presehanimprovedresistanceo ISG [5] andthisleadsin
Fig. 1to aturnarownd of the degradationcurves atlonger
stresstimes for thesedevices. This resultdemorstrates
thatacontibutionfromthelSGin pMOSFETHot-Carrier
degradationexists andthata Deuteriumtreatmenicanbe
effective in improving pMOSFET lifetime.

4. Oxide Thickness Dependence

Fig. 3 shaws the relative shift of the maximum
transcoductarce g,, for Hs (filled symbols)and D
(open symbols) anneted sampleswith different oxide
thickness. Gatelengtls are 0.5um and 0.2um respec-
tively for the 15 nm (HV) andthe 3 and 4.9 nm (LV)
gateoxide devices. Stresswas perfamedat the peakof
the gatecurren. A turn arownd canstill be recognized
for the 4.9 nm gateoxide devices (diamonds). The de-
viceswith the thickest (15 nm, circles)andthe thinnest
(3 nm, squaes) gate oxide shaw insteada morotonas
degradation. The samplewith the thickestoxide follow
a logaithmic time depenlenceandthe transcoductarce
increaseswith the stresstime. This resultis consistent
with the HEIP mechaism, for which a logaithmic time
depenenceof the transistorelectrical paraneter degra-
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Figure 3. Maximum transconductance degradation for
H, (filled symbols) and Dy (open symbols) annealed
samples with different oxide thickness. For the thickest
gate oxide devices (circles, 15 nm) the dominant stress
mechanism is HEIP and no improvement is observed
from the D5 anneal. For the thinnest gate oxide samples
(squares,3 nm) the degradation is dominated by ISG and
D, causes a lifetime improvement. The inset shows
the power-law ISG time dependence observed for the
thinnest gate oxide samples.

dationis usuallyobsered[6, 7]. On the otherhand the
samplewith 3 nm gateoxide thicknessshovs a power-

law depenlencet®-*5 (seetheinsetof the samefigure), in

agreemenwith the comnonly obseved ISG time depen

denced1]. In this casethetranscoductances reduced
i.e. Agm/gm IS positve. This resultsuggestghat the
HEIP mechaism doninatesthe degradationof thethick-

estgateoxidedevices but astheoxidethicknessdecreaes
ISG shavs up causinghereductian of theelectronchage
trappedin bulk oxide [8]. For sampleswith 4.9 nm gate
oxide HEIP andISG areabou of the sameorder andthe
differert time depenénceqlogaithmical vs. power-law)

leadto the turn-arourd of the degradationcunes after a
stresgime of about100s. For thethinnestgateoxidethe
transcondctancedegradationis domiratedby ISG, while

HEIP contibutionis now negligible.

Fig. 3 alsoshawvs a compaison of theresultsobtaired
from H (filled symbds) andD, (opensymbolsianneted
samples As the samplewith thethickestoxide is chaac-
terizedby the HEIP degradationmechaism, noimprove-
mentis obtainedfrom the D, treatmen For thethinnest
oxide samplesinstead, the degradationis attributed to
ISG and deuter#ion is effective in improving stressre-
sistanceThis meanghatfor thin gateoxide pMOSFETS
(toz < 3 nm)thedeuteationstepcanbeaseffedivein re-
ducingHot-Carrierdegradationasfor nMOSFETS. For
the 4.9 nm gateoxide transistorghe behaior of the H»
andthe D, annealedsamplesis almostthe samein the
first partof thedegradationprocesgdoninatedby HEIP),
whereasa strongisotopeeffect appeas at longer stress
time (whenlSG becanesdoninant).
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Figure 4. Saturation current degradation for stress con-
ducted at the peak of the gate current (squares) and at
the peak of the substrate current (circles). Limits for
lifetime extraction are shown as dashed lines.

5. Accelerated Stress Procedure

The standardacceleratedtressprotacols develgpedin
the pastcan be appliedto devices with thick gate ox-
ide, which shav a mondonousdegradationdominated
by HEIP. However, asthe gateoxide thicknesglecreases,
ISG shaws up andthe worst bias condtions areno more
thosecorrespndingto the maximum gatecurrent. Fig. 4
and Fig. 5 shav that the worst stressconditian (lowest
lifetime) for 4.9 nm gateoxide devicesis at the peakof
thesubstrateurren (wherethe ISG processis enhaiwed)
whenmonitoiing the maximum transcoductancedegra-
dation whereast is at the peakof the gatecurrent(where
the HEIP processs enhawed)whenmontoring the satu-
rationcurren. The presencef aroll-off mayalsoaffect
the autonatic quantitatie estimateof the Do improve-
mentin lifetime. For exanple, Fig. 1 shavs thatthe D,
anneéshiftstheturn-arourd of the degradhtion curvesat
longer stresgime, but this canleadto a shorterifetime if
the maxinum acceptableshift is reachedefore the turn-
arownd (seein Fig. 1 thelifetime of the curves relative to
Vps = —4.5 V extractedfrom a-10% limit in thesatura-
tion currentshift).

Reductionin gateoxide thicknesscausesan entance-
mentof the ISG over the HEIP, thuseliminatingthe turn-
arownd of the degradationcurves. Fig. 6 shavs theresults
obtairedfor H, and D, annealedievices with 3 nm gate
oxide stressedat the peakof the substratecurreri. Note
the powerlaw dependenceof the degradationcurve on
stresgtime andthe improvemen in the deuteateddevice
resistanceo Hot-Carri¢ damag. In ary way, a concern
mustbe accuratelycorsideredfor low-voltage stress.In
fact, despitein accelerated stresstests(high-voltage op-
eratingbias) the device degradationis domiratedby the
ISG, for low-voltage stressthe role playedby HEIP is
not negligible, thus requring an accurateestimationof
the impact of both stressmechaisms. This is evidert
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Figure 5. Maximum transconductance degradation

for stress conducted at the peak of the gate current
(squares) and at the peak of the substrate current (cir-
cles). Limits for lifetime extraction are shown as dashed
lines.

in Fig. 6 from theresultsobtainel at the lowestvoltage,
wherethereis no cleardeuteationbenefit.

The devdlopmert of a standardstresspratocol for the
extrapdation of deepsub-micon pMOSFET lifetime is
therefoe limited by the possibility of contrdling the
degrachtion dynamics, strictly dependenton the oxide
thickness.The standardstressprocealureis still valid for
thick gateoxide devicesbut mustbe modifiedfor thin ox-
ide transistorsfor which ISG is not neggligible giving rise
to a mixed degradationprocess that doesnot easily al-
low the extrapolation of device lifetime at opegtingbias.
Furthernore, evenif in very thin gateoxide devicesthe
stresgprocedireusedior nMOSFETS seemgo becorrect
at high stressvoltages(becaisethe ISG is clearly domi-
nant),prodemsstill exist atlower stressvoltagespecause
theinfluenceof theHEIP is not nggligible in thesecond-
tions. In orderto obtaina correct quarification of the
device lifetime andof thedeuteationbenefitsanaccurate
controloverall theseissueds requred.

6. Conclusions

The mecharsms responsiblefor deep sub-nicron
pMOSFET Hot-Carier degradationat low gatevoltage
have beeninvestigatedin detail compamng H» and D,
annealeddevices. Two mechaisms contrituting to the
degrachtionprocesshave beerclearlyrecoqized,namely
the Hot-Electran-Induced Punchthrowgh and the Inter
face StateGeneation. The time evolution of the degra-
dationfor various oxide thicknesseshasbeendiscussed,
shaving that Deuteriumcanimprove the lifetime of deep
sub-micrm pMOSFETS. Finally, a critical review of
the standardacceleratedtressprotocd for pMOSFETS
is presentedshaving the main prodems relatedto the
lifetime extraction andthe quaritative estimationof the
deuteratio bendits for very thin gateoxides.
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Figure 6. Saturation current degradation for Hs and
D2 annealed devices with 3 nm gate oxide stressed at
different drain voltages. The stress was performed at
the peak of the substrate current.
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