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Abstract

Hot-Carrier degradation in � -channel MOSFET’s
is investigated comparing Hydrogen ( ��� ) and Deu-
terium ( � � ) annealed devices. Two physical mecha-
nisms are clearly recognized during low gate voltage
stress ( � ���	��
�� ������ ), namely the Hot-Electron-Induced
Punch-through (HEIP) and the Interface State Genera-
tion (ISG). 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 � MOSFET’s by reducing the
ISG process. Finally, the accelerated stress protocol com-
monly used to evaluate � MOSFET Hot-Carrier reliability
is critically reviewed.

1. Introduction

Reliability of deepsub-micron � and � channel MOS-
FET’s is a mandatory issuefor device scalingandmany
efforts have beendevotedto investigate device degrada-
tion during Hot-Carrierstress.Standardprotocols [1, 2]
have beenestablishedand are currently appliedto per-
form acceleratedstressexperimentsusefulto predicttran-
sistor lifetime at the operating bias. Despitethesepro-
cedureshave been demonstratedto be valuable tools
for device characterization,their application to new sub-
quarter-micron technologies must be careful verified, in
thelight of themicroscopicalmechanismsresponsiblefor
thedegradationdynamics.

In thiswork wereport adetailedexperimentalstudyof
Hot-Carrierdegradationin deepsub-micron � MOSFET’s.
Comparingtheresultsobtainedfrom � � and � � annealed
devicesthe impactof two simultaneous degradationpro-
cesses,namely the Hot-Electron-InducedPunch-through
(HEIP) andtheInterfaceStateGeneration (ISG), is high-
lighted during low gate voltage stress( � � � ��
�� � �� � ).
The contribution of each mechanism to performance
degradation is discussed,showing that different degra-
dationcurvesareobtainedfor differentoxide thicknesses.

ISG is shown to bethedominantdegradationmechanism
for verythin gateoxide( ��������� nm) � MOSFET’sandthe
effectivenessof ��� treatmentsin improving lifetime of
deepscaled� -channel MOSFET’s is proved. Finally, the
acceleratedstressprocedure commonly usedto evaluate� MOSFET lifetime is critically reviewed and the major
issuesrelatedto thedevelopmentof a new stressprotocol
arepresentedin detail.

2. Experimental

Low Voltage(LV) andHigh Voltage(HV) MOSFET’s
with gateoxide thicknessranging from 15 nm to 3 nm
werefabricatedin 0.25 � m CMOStechnology by STMi-
croelectronicsandInfineon. For thereferencesamplesthe
annealing stepswereperformedin � � while the deuter-
atedsamplesreceived a � � post-metalannealat 430 C
for 1hour(1atm).StandardHot-Carrieracceleratedstress
procedureshave beenusedto characterizethe reliability
of � and� -channelMOSFET’s. The ! - � curveswerepe-
riodically measuredin both linear andsaturationregime
in order to determine thethreshold voltage�#"%$ , themaxi-
mumtransconductance &�' , andthesaturateddraincurrent!)(+* "�� . The relative variation of the parametershasbeen
evaluatedaccording to theformula:,�--/. -1032 ( 2546- * 2 ( 2- 072 ( 2 8 (1)

where
-

is themonitoredquantity, e.g. thesaturateddrain
current !9(7* "�� , estimatedbefore( :<;>=1; ) andafter( ?�;>=�; ) stress.
The effectivenessof the annealing receiptin creatingan
accumulationof Deuterium atthesiliconsurfaceis clearly
assessedby the resultsobtained from � -channelMOS-
FET’s, for which animprovement of about a factor10 in
device lifetime at theoperating biasis observed.

3. Degradation Mechanisms

Fig. 1 shows the saturation current degradation for��� (filled symbols) and �@� (open symbols) annealed
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LV � MOSFET’s with
x ;f� nm gateoxide and wI;f�1� m gate

length. Stresswasperformedat thepeakof thegatecur-
rent and � �� . 4	r ; r V,

4	r ; w V, and
4vx ; r V. The cor-

responding gatevoltageswere � � . 4 wI; � V,
4 w9;f� r V,

and
4 w9;f� V. It is clear from this figure that at leasttwo

different mechanisms areresponsiblefor thedegradation
process.At shortstresstimes(arrow 1) thesaturationcur-
rentincreasesin accordancewith ameasuredlessnegative
thresholdvoltage (the thresholdvoltage absolute value� � "%$ � is reduced). This shift is consistentwith the HEIP
process,in whicha negativeoxidecharge is createdat the
drain sideof the device by secondary electrons injected
over the silicon-oxide potentialbarrier and trapped into
oxide defects. At constant gatebiasthe negative charge
in the bulk of the oxide increasesthe hole densityin the
channelandthe drain current in both ohmic andsatura-
tion regime. At longerstresstimes(arrow 2) the satura-
tion currentdecreases,causingaturn-aroundwhichcould
be explained by positive charge startingto overcomethe
shift dueto theHEIP. Sincethestressexperimentsareper-
formedat thepeakof thegatecurrent,thereis noholein-
jection in theoxide. On theotherhand, a positive charge
is createdat the silicon surface by ionization of inter-
facestatesintroducedin the silicon bandgapby Hydro-
gen(Deuterium) Hot-Carrierstimulateddesorption. The
defectcentresproducedby �¡  - � ( �¡  - � ) bond breaking
introduce in facta donor-like andanacceptor-like spuri-
ousstatein thesilicon bandgap, the formerneartheva-
lencebandedgeandthe latter nearthe conduction band
edge[3,4]. Thesearefastinterface statesandtheir occu-
pationfollows the positionof the Fermi level in the en-
ergy gap. Sincein a � MOSFET at inversion the Fermi
level is locatednear the valence band edge, the �¡  - �
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( �¡  - � ) bond-breaking resultis thegenerationof netpos-
itive charge at thedrainside. A schematicillustrationof
thechargetrappingmechanismstakingpartin � MOSFET
Hot-Carrier degradationat low gatevoltages is reported
in Fig. 2. Note the negative charge trappedin the oxide
andthepositive charge originatingfrom theionization of
thedonor-like interfacestatesin thelower partof theen-
ergy gap. The comparisonof the resultsobtained from� � and � � annealeddevices confirms theseconsidera-
tions.It is well-establishedin factthatdeuteratedsamples
present animprovedresistanceto ISG[5] andthis leadsin
Fig. 1 to a turn-aroundof thedegradationcurvesat longer
stresstimes for thesedevices. This result demonstrates
thatacontributionfromtheISGin � MOSFETHot-Carrier
degradationexistsandthata Deuteriumtreatmentcanbe
effective in improving � MOSFETlifetime.

4. Oxide Thickness Dependence

Fig. 3 shows the relative shift of the maximum
transconductance &I' for �´� (filled symbols) and �@�
(open symbols)annealed sampleswith different oxide
thickness. Gate lengths are w9; r � m and w9;>�Y� m respec-
tively for the 15 nm (HV) and the 3 and 4.9 nm (LV)
gateoxide devices. Stresswasperformedat the peakof
the gatecurrent. A turn around can still be recognized
for the 4.9 nm gateoxide devices (diamonds). The de-
viceswith the thickest (15 nm, circles)and the thinnest
(3 nm, squares) gateoxide show insteada monotonous
degradation. The samplewith the thickestoxide follow
a logarithmic time dependenceandthe transconductance
increaseswith the stresstime. This result is consistent
with the HEIP mechanism, for which a logarithmic time
dependenceof the transistorelectricalparameter degra-
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dationis usuallyobserved [6, 7]. On the otherhand, the
samplewith 3 nm gateoxide thicknessshows a power-
law dependence��Ô 2 ÕUÖ (seetheinsetof thesamefigure), in
agreement with thecommonly observedISG time depen-
dences[1]. In this casethe transconductanceis reduced,
i.e.

, & '�× & ' is positive. This result suggeststhat the
HEIP mechanismdominatesthedegradationof thethick-
estgateoxidedevices,butastheoxidethicknessdecreases
ISGshowsupcausingthereduction of theelectroncharge
trappedin bulk oxide [8]. For sampleswith 4.9 nm gate
oxideHEIP andISG areabout of thesameorder andthe
different time dependences(logarithmical vs. power-law)
leadto the turn-around of the degradationcurvesafter a
stresstime of about100s. For thethinnestgateoxidethe
transconductancedegradationis dominatedby ISG,while
HEIP contribution is now negligible.

Fig. 3 alsoshows a comparisonof theresultsobtained
from �À� (filled symbols)and��� (opensymbols)annealed
samples.As thesamplewith thethickestoxide is charac-
terizedby theHEIPdegradationmechanism,no improve-
mentis obtainedfrom the � � treatment. For thethinnest
oxide samplesinstead,the degradation is attributed to
ISG and deuteration is effective in improving stressre-
sistance.This meansthatfor thin gateoxide � MOSFET’s
( � �U� �Ø� nm)thedeuterationstepcanbeaseffectivein re-
ducingHot-Carrierdegradationasfor � MOSFET’s. For
the 4.9 nm gateoxide transistorsthe behavior of the �6�
and the �À� annealedsamplesis almostthe samein the
first partof thedegradationprocess(dominatedby HEIP),
whereasa strongisotopeeffect appears at longer stress
time (whenISG becomesdominant).

10 100Ù 1000 10000Ù
Stress Time [s]

−0.20

−0.10

0.00

0.10

0.20

∆I
D

S

sa
t /I D

S

sa
t

Isub peak
IG peak

+10%Ú

−10%

t
Û

ox=4.9nm

E)F G�H�J[K ~ N#OIQ<RSH�JTQ<RUF VIWµXYH5JZJ[K1W<R�\�K]GIJTQY\�Q<RUF V�W	^`V)J g RSJ[K g�g X�V�W]�\�HlX�R7K]\aQ<R#RS|<K_n1K]Q5}PV�^eRS|<KPG�Q<R7K�XYH5JZJ[K1W<R b gUÏ HYQ�JLK gUk Q5WY\aQ<RRS|lK�n1K]Q5}ÀV�^vRS|<K g H jlg RSJTQ<R7K�X1H�J�JLK�W]R b X<F�JTX d K gUk NÓÜ�F i F R g ^`V)Jd F ^`K�RUF i K�K�{<RSJTQYXSRUF V�W_Q1J[K g |lVl�	WoQ g \5Q g |lK]\ d F�WlK g N

5. Accelerated Stress Procedure

Thestandardacceleratedstressprotocolsdevelopedin
the past can be applied to devices with thick gate ox-
ide, which show a monotonousdegradationdominated
by HEIP. However, asthegateoxide thicknessdecreases,
ISG shows up andtheworstbiasconditions areno more
thosecorrespondingto themaximum gatecurrent. Fig. 4
and Fig. 5 show that the worst stresscondition (lowest
lifetime) for 4.9 nm gateoxide devicesis at the peakof
thesubstratecurrent (wheretheISG processis enhanced)
whenmonitoring the maximum transconductancedegra-
dation, whereasit is at thepeakof thegatecurrent(where
theHEIPprocessis enhanced)whenmonitoring thesatu-
rationcurrent. Thepresenceof a roll-off mayalsoaffect
the automatic quantitative estimateof the � � improve-
mentin lifetime. For example, Fig. 1 shows that the � �
anneal shifts theturn-around of thedegradationcurvesat
longer stresstime,but thiscanleadto a shorterlifetime if
themaximum acceptableshift is reachedbefore theturn-
around (seein Fig. 1 thelifetime of thecurves relative to� �� . 4vx ; r V extractedfrom a -10% limit in thesatura-
tion currentshift).

Reductionin gateoxide thicknesscausesan enhance-
mentof theISG over theHEIP, thuseliminatingtheturn-
aroundof thedegradationcurves. Fig. 6 shows theresults
obtainedfor � � and � � annealeddevices with 3 nm gate
oxide stressedat the peakof the substratecurrent. Note
the power-law dependenceof the degradationcurve on
stresstime andthe improvement in thedeuterateddevice
resistanceto Hot-Carrier damage. In any way, a concern
mustbe accuratelyconsideredfor low-voltage stress.In
fact, despitein accelerated stresstests(high-voltage op-
eratingbias) the device degradationis dominatedby the
ISG, for low-voltage stressthe role playedby HEIP is
not negligible, thus requiring an accurateestimationof
the impact of both stressmechanisms. This is evident
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in Fig. 6 from the resultsobtained at the lowestvoltage,
wherethereis nocleardeuterationbenefit.

The development of a standardstressprotocol for the
extrapolation of deepsub-micron � MOSFET lifetime is
therefore limited by the possibility of controlling the
degradation dynamics, strictly dependenton the oxide
thickness.Thestandardstressprocedureis still valid for
thick gateoxidedevicesbut mustbemodifiedfor thin ox-
ide transistors,for which ISG is not negligible giving rise
to a mixed degradationprocess that doesnot easily al-
low theextrapolationof device lifetime at operatingbias.
Furthermore, even if in very thin gateoxide devices the
stressprocedureusedfor � MOSFET’sseemsto becorrect
at high stressvoltages(becausethe ISG is clearlydomi-
nant),problemsstill exist at lowerstressvoltages,because
theinfluenceof theHEIP is not negligible in thesecondi-
tions. In order to obtain a correct quantification of the
device lifetime andof thedeuterationbenefitsanaccurate
controloverall theseissuesis required.

6. Conclusions

The mechanisms responsiblefor deep sub-micron� MOSFET Hot-Carrier degradationat low gatevoltage
have beeninvestigatedin detail comparing � � and � �
annealeddevices. Two mechanisms contributing to the
degradationprocesshavebeenclearlyrecognized,namely
the Hot-Electron-InducedPunch-through and the Inter-
faceStateGeneration. The time evolution of the degra-
dationfor various oxide thicknesseshasbeendiscussed,
showing thatDeuteriumcanimprove thelifetime of deep
sub-micron � MOSFET’s. Finally, a critical review of
the standardacceleratedstressprotocol for � MOSFET’s
is presented, showing the main problems relatedto the
lifetime extraction andthe quantitative estimationof the
deuteration benefits for very thin gateoxides.
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