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We present an overview of negative bias temperature instalpMiBTI) commonly observed in
p-channel metal-oxide—semiconductor field-effect transistors when stressed with negative gate
voltages at elevated temperatures. We discuss the results of such stress on device and circuit
performance and review interface traps and oxide charges, their origin, present understanding, and
changes due to NBTI. Next we discuss the effects of varying param@igdsogen, deuterium,
nitrogen, nitride, water, fluorine, boron, gate material, holes, temperature, electric field, and gate
length on NBTI. We conclude with the present understanding of NBTI and its minimization.
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[. MOTIVATION

For more then 30 years the semiconductor industry has
witnessed exceptional growth and achievements in integrated
circuit (IC) manufacturing. In the last 10 years, this growth
has outpaced Moore’s Latgausing numerous modifications
of the SIA roadmap to ensure leading edge semiconductor
manufacturing remains on target for high performance prod-
ucts and integration of system-on-a-ci(pOC where both
analog and digital signal processing can occur. In spite of
some claims that the industry will hit a “red brick” wall at
the 100 nm technology node just 4 years adgeading edge
research and development is now working on developing 65
nm technology for release to manufacturing within the next
1-3 years. Of course, at some point, semiconductor scaling
will approach its final limitd and silicon semiconductor
manufacturing will become more of a commodity market.
The key determining factor in approaching the endpoint for
scaling of complementary metal—oxide—semiconductor
(CMOY9 in semiconductor manufactuarable environments
will ultimately be in the economics and not in the physiés.
However, statistical physics and the physics of understanding
how complex systems interact will become increasingly im-
portant especially as we enter the era of megascale integra-
tion and SOC IC production. This is especially true for vari-
ance and defect interactions that become magnified when
investigating the electrical output characteristics as device
geometry shrink$.

dAuthor to whom correspondence should be addressed; electronic mail: TOday! we are trUIy ina gIobaI market where many of
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our day-to-day applications and interactions require interfac-

© 2003 American Institute of Physics

Downloaded 22 May 2009 to 131.252.222.238. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



2 J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Appl. Phys. Rev.: D. K. Schroder and J. A. Babcock

ing with integrated circuits and the millions of transistors 107
contained in these building blocks. To the average consumer,
the dynamics of these ICs are transparent while the expecta-
tion for increasing functionality with unquestioned accuracy =
and quality drive the industry to new heights. This results in E
a tremendous driving force to continue to scale technologies ©

. S— 6
no matter what roadblocks may be encountered. As semicon-> 10
ductor manufacturing migrates to more advanced deep- >~
submicron technologi€swe are facing a new barrage of g .
challenges to overcome for the next generation of SOC and
IC products*'® The bulk of these challenges arise due to
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their impact on product yield, product reliability, chip 105 Lottt
testability/performance prediction, and understanding how 1970 1980 1990 2000
process integration and design layout interact. Some ex-

amples of key areas now affecting semiconductor manufac- Year

turing include negative bias temperature instabi(i§BTI),
gate oxide leakage current, power consumption, testing of FIG. 1. Oxide electric field as a function of time for CMOS circuits.
complex product, interaction of layout on chip vyield, etc.

Based on these issues, within the next 5 years the semicon-

ductor industry is poised for a paradigm shift point in

Moore’s Law and technology scaling if yield and perfor- . decrease and absolute “off” currehy;, and threshold

mance prediction of complex circuits such as SOC are '_"O\%oltagevT increase. Typical stress temperatures lie in the
addressed. The pressure to maintain the roadmaps outlingg_250 °c range with oxide electric fields typically below
above will continue to increase, but without addressing thesg \iviem. ie. fields below those that lead to hot carrier

secondary issues, multibillion dollar fabrication facilities degradation. Such fields and temperatures are typically en-
may not be able to deliver competitive products. Second des ntered during burn in, but are also approached in high-
signers are now under extensive economic pressure to haY)%rformance ICs during routine operation. Figure 1 shows
their_designs_ work t_he first time. Several fact(_)rs are leadinghe trend in electric fields for CMOS circuits, showing that
to this paradigm shift but the strongest ones include cost Ofyiqe electric fields of the magnitude to generate NBTI are
generating mask sets, which can now approach a milliony sica) in today’s circuits. Either negative gate voltages or
dollars and higher, time-to-market pressure, and wafer costjeyated temperatures can produce NBTI, but a stronger and
This is exacerbated by the fact that the cost of fabricating,gier effect is produced by their combined action. It occurs
wafers and.that IC processing t.yplcally requires wafers to b‘forimarily in p-channel MOSFETs with negative gate voltage
processed in wafer !ots contammg 25 wafers. State-of-the-afli5s ang appears to be negligible for positive gate voltage
volume manufacturing can achieve 1.5 d per level of pro,ng for either positive or negative gate voltagesichannel
cessing, which translates to best in the world full flow cyclep,osEETSES In MOS circuits. it occurs most commonly dur-
times of 37.5 d! If failures or yield issues are detected, this ing the “high” state ofp-cha,nnel MOSFETs inverter opera-
typically occurs after wafers have been processed, whichs, 1t aiso leads to timing shifts and potential circuit failure
means that time delays for implementing process fixes cag,e to increased spreads in signal arrival in logic circuits.
impact many waferslln the I|n_e. Bepause of these mu“'ply'_ngAsymmetric degradation in timing paths can lead to non-
effects and conS|d_er|ng a typical high volume Wafer fab W'thfunctionality of sensitive logic circuits and hence lead to
throughput capacity for 25000 wafers/monthmistakes or product field failures

low yielding products can result in severe economic conse-  a fraction of NETI degradation can be recovered by

quences to a manufacturer. The ability to address these issugSnealing at high temperatures if the NBTI stress voltage is
will make the difference between having a highly profitable e moyed. The electric field applied during anneal can play a
product versus an uncompetitive high loss product. ASge in the recovery of NBTI degradation. Positive bias an-
pointed out, multi-redesign of product or technology nodes,gqs exhibit the largest recovery in device characteridtics.
are no longer available options. This pressure will be eve'Nthough it has not been reported yet, however, based on the
worse as we go to 300 mm waters. _ historical results we expect this recovery to be unstable and
In this article, we address the issue of NBTI with first @ ¢, the original degradation to reappear soon after reapplica-

review of the present day understanding of the mechanismg,, of the stress condition, assuming that hydrogen does not
governing NBTI, second, the process interactions affectlnq)|ay a reversible role under this condition.

NBTI, and finally a review of some potential solutions to Since NBTI occurs for negative gate voltages, it is par-
minimized the impact of NBTI induced from the technology ticularly detrimental forp-MOSFETs with eithep™ or n*

Processing. poly-Si gates. However, recent data suggest that buried-
channel(BC) p-MOSFETs are significantly less susceptible
to NBT1.2® The improved reliability in buried-channel com-
NBTI occurs inp-channel MOS devices stressed with pared to surface-channel devices is attributed to the naturally
negative gate voltages at elevated temperatures. It manifestsduced oxide field for the same gate voltage due to the work

itself as absolute drain currehgs,, and transconductance

II. INTRODUCTION
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function difference oh™ gates compared " gates and no NBTI has been known since the very early days of MOS
boron diffusion from then* gate. Also, the effective oxide is device development, having been observed as early as
thicker in buried- than in surface-channel devit®§hus  19672! Deal named it Instability Number \# Goetzberger
their use can improve NBTI and flhoise, though suffering et al. at Bell Labs were one of the first groups to show de-
from worse short-channel effects and difficulty in manufac-tailed characterization of negative bias, temperature stress.
turing due to variance control issues. Currently the majorityThey used metal gate devices on 100 nm oxides, stressed at
of digital CMOS technology requires surface channel de-—10° V/cm at 300 °C and found an interface trap denSlty
vices, with this trend continuing into the future. Scaling of Peak in the lower half of the band gap. The higher the start-
technology results in a significant increase in the susceptibillnd Dit, the higher the final stress-inducBxg . For positive
ity to NBTI degradation. Hence it may ultimately limit de- 9ate voltage, they noted a very smalj; increase.D; in-
vice lifetime, since NBTI is more severe than hot carriercreased with gate voltage and with time with a time depen-
stress for thin oxides at low electric fields. dence of t%% Dy (T=300°C)>D; (T=250°C) and
Many advanced CMOS technologies now offer dual- orP-tyPe substrates gave highér than n-type substrates.
multigate oxide processes, with thicker gate oxides for=ary MOS devices containing oxides as the gate dielectric
analog-sensitive circuits, while logic performance optimiza-€Xhibited NBTI. Migration to nitrided oxides aggravated
tion requires thin and medium thick gate oxides. Becaus®B ! coinciding with a shift from the research stage to the
these thicker gate oxides typically have lower nitrogen incor-forEfrom b_y around 1999 shortly after nitrided oxides be-
poration near the Si/SiQinterface, these devices tend to be came th?‘ industry standard n gdvanced CMOS. .
less susceptible to NBTI, but it is still a concern for its im- . The mterface tr_ap de_nsny induced by NBTI Increases
. . o o with decreasing oxide thickness, whereas the fixed oxide
pact on analog mixed signal circuit applications, becalise charge densitv induced by NBTI appears to have no thick-
shifts are a major reliability concern. This is especially a 9 Ity tndu y bp v !

. . o o= - “n ndence. Thig* ndence of interface-tr n-
concern in matching applications where circuit operation ess dependence. Thgy_dependence of interface-trap ge

may force matched transistors into asymmetrical bias condi‘—armion implies that NBT| becomes more severe for ultrathin
y y xides. Furthermore, the NBTI-generated interface traps and

thns resul7t|ng n a s_|gn|f|cant asymmetr_|c s_tress Inducecﬁxed charges are likely to have an adverse effect dn 1/
mismatcht’ If the mismatch exceeds circuit tolerances

. . ) ) ~'noise, which is believed to be closely related to these
which can be as tight as 100 ppm, differences in Operat'n%harges. NBTI has also been reported for KifBigh
characteristics between devices for some high performangggjator<4

design applications result in a failure or yield loss during Examples of NBTI degradation are shown in Fig. 2. Fig-

burn-in or worse yet in field operation. Analog design tech- ;.o 2a) shows the change of threshold voltage and charge

niques can circumvent some of these issues and mi”imizﬁumping current as a function of stress tiFﬁé:harge pump-

asymmetric NBTI bias stress conditions, but this comes ajng current is used to measure the increase in interface trap

the expense of design complexity and potential performancgensity with degradation. Clearly, bothy andl, change by

tradeoffs such as power consumption, noise margins, or ifsimilar amounts, plainly indicating that interface traps are

creased chip are. created. Figure ®) shows similar behavior for threshold
Because digital circuits tend to dominate most ICs and,oltage and transconductance chaff€ransconductance is

most SOCs and the number of digital transistors approackelated to mobility that is degraded during the stress. Al-

millions of devices on a chip, NBTI-induced shifts have be-though such plots vary from researcher to researcher, the

come a critical issue for most manufacturers. NBTI stressgeneral NBTI trends are embodied in these figures.

induced variances in digital device saturation drive current

(I psad, due to degradation ip-channel MOSFET ¢y, lead

to significant timing issues. If digital signals arrive at differ- IIl. INTERFACE TRAPPED CHARGE AND FIXED

ent times, signal processing becomes corrupted and ultfPXIDE CHARGE

mately results in circuit failure. With/7 degradation, the Before discussing the published experimental data and
gate overdrive Ys—Vy) decreases, leading to reduced cur-proposed models of NBTI stress, it is useful to review some
rent and frequency degradation of ring oscillators and repasic MOSFET concepts such as threshold voltage, interface

duced standard random access memory noise marde- trapped charge and fixed oxide charge. Thehannel
sign modifications can alleviate some of these problems aViIOSFET threshold voltage is given by

the expense of circuit complexity or performance degrada-
tion. Of more ominous concern for future SOC designs, is Vr=Veg—2¢¢—|Qsl/Cox, @)
the potential for statistical variation of NBT! tails of the fail- where ¢r=(kT/q)In(Np/n), |Qg|=(4qKse,¢eNp)*2 and
ure time distribution that impact chip failures when millions C,, is the oxide capacitance per unit area. The other symbols
of devices are presefft The reason for concern is the prob- have their usual meaning. The flatband voltage is given by
ability of a circuit encountering lethal accelerated NBTI deg-

e o . Qf  Qul¢s)
radation in single devices increase as both devices are scaled Vig= ¢ys— c. 2
and the number of devices on chip increases. Hence the im- ox ox
pact of NBTI on yield is expected to increase as SOC comwhere Q; is the fixed charge density ar@; the interface
plexity and integration increase, even if design modificationgrap density. We assume that neither substrate doping density
are used. Np nor oxide thickness vary with NBTI stress. This may not
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A. Interface trapped charge
(b) Silicon is tetrahedrally bonded with each Si atom bonded

FIG. 2. (a) Time-dependent threshold voltage and stress-induced chargg0 four SI, atoms !n the_Wafer bulk. When,the Siis OXI_dlze,d’
pumping current increase f@-MOSFETs. Data after Schideret al.Ref.  the bonding configuration at the surface is as shown in Figs.
25; (b) time-dependent threshold voltage and stress-induced transcondu8(a) and 3b) with most Si atoms bonded to oxygen at the
tance increase. Data after Kimizukaal. Ref. 26. surface. Some Si atoms bond to hydrogen. An interface
trapped charge, often called interface trap, is an interface
érivalent Si atom with an unsaturate@npaired valence

be true if hydrogen in the silicon has deactivated some of th e :
yero9 electron at the Sig¥Si interface. It is usually denoted by

substrate doping aton?$Such activation can, of course also
occur in the poly-Si gates. Boron—hydrogen pair formation  Siz=Si-. (4)
occurs typically in thelT=90-130 °C temperature range.

The only parameters that can lead to threshold voItagThe = represents three complete bonds to other Si atoms

shifts are the fixed charge densi9; and the interface ?the Sg)_and th? represgnts the fourth, unpaired electron in

trapped charge densitg,. Oy in Eq. (2) depends on the a dangling orbltal(daggllng bondl Interface traps_ are also

surface potentialhs, because the occupancy of the inten‘aceknown jazs Pb,lc enters.” Interface traps af? designated as
Dy (cm 2eV™1), Q; (Clen?), andN;, (cm™?).

Crases in ither of theso charge densiies, leads to negaiie O (LLV-0rerted wafers, e, center is a =S
g ' 9 center, situated at the Si/SiOGnterface with its unbonded

threshold voltage shifts. Since NBTI typically leads to €92 o ntral-atom orbital perpendicular to the interface and aimed

tive threshold voltage shifts, either or both of these charge ; o . :
" : into a vacancy in the oxide immediately above it, as shown
densities are changed during NBTI stress.

The MOSFET saturation drain current and transconduc!—n Fig. 3@. Op(lOO) Si, the four tetrahedral Si-Si directions
A : intersect the interface plane at the same angle. Two defects,
tance in its simplest form are given by

namedPy; and Py, have been detected by electron spin

Ip=(W/2L) seCox( Vs — V1) ?; resonancgESR), shown in Fig. 8). The P,; center was
B B (3) originally thought to be a Si atom backbonded to two sub-
Im=(W/L) teiCod Ve = V). strate Si atoms, with the third saturated bond attached to an

Two parameters leading t¢ andg,, degradation are thresh- oxygen atom, designated as,&& Si-.?8 This identification
old voltage and mobilityu.s changes. Threshold voltage was found to be incorrect, as the calculated energy levels for
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FIG. 4. Band diagrams of the Si sub-
strate of ap-channel MOS device
showing the occupancy of interface
traps and the various charge polarities
for a p-substrate with@) negative in-
terface trap charge at flatband atiol
positive interface trap charge at inver-
sion. Each of the small horizontal lines
represents an interface trap. It is either
occupied by an electrofsolid circle

or occupied by a holéunoccupied by
an electrof, shown by the lines.

Acceptors |3 Koo -E,

Donors "o

(@ (b)

this defect do not agree with experiméif recent calcula- lower half of the band gap are neutfdlesignated by “0),
tion suggests thé,,; center to be an asymmetrically oxi- being occupied donor states. Those between mid gap and the
dized dimer, with no first neighbor oxygen atof®y 1999,  Fermi energy are negatively chargaiesignated by “ "),

it was unambiguously established that b& andPy, are  being occupied acceptor states and those algvare neu-
chemically identical to thé®, center’! However, there is a tral (unoccupied acceptorsFor an invertegp-channel MOS-
charge state difference between these two centers indicatiffeET, shown in Fig. &), the fraction of interface traps be-
Pyo is electrically active, while some authors believe Byg ~ tween mid gap and the Fermi level is now unoccupied
to be electrically inactivé? The two different effects are the donors, leading to positively charged interface trégessig-
result of strain relief i(100 silicon. The defects result from nated by “+"). Hence interface traps ip-channel devices
the naturally occurring mismatch induced stress in thedn inversion arepositively charged leading to negative
SiO, /Si layer during oxide growth. threshold voltage shifts.

Ppo centers result when strain relaxation occurs with a  Interface traps, beingcceptorsin the upper half of the
defect residing at111) microfacets at the Si/SiQOinterface, band gap andlonorsin the lower half, affectv; shifts in
while Py, centers result when strain relaxation occurs with an-channel andp-channel MOSFETs differently. Figure 5
defect at(100) Si/SiO, transition regions. Based on these shows am channel in(a) andp channel in(b). At flatband,
results and the fact th&,,; centers are believed to be elec- the n channel hagositiveand thep channel hasegative
trically inactive, defects resulting from,, centers are con- interface trap charge. At inversiops=|2¢¢|, then channel
sidered the key culprits in creating interface trapgi00 has negativeand thep channel hagositive interface trap
silicon. It is worth mentioning that recent work indicateg,  charge. Since the fixed charge is positive, we have at inver-
centers to be electrically inactive at low temperaturé&s ( sion: n channel:Q;—Q;, p channel:Q;+Q;, hencep
=77 K). However, at room temperature and higher thesehannel MOSFETs are more severely affected. This was
defects contribute to the electrical activity of total interfaceclearly shown by Sinha and Smith where the threshold volt-
traps® Recent ESR measurements showPRhe center to be  age of MOS capacitors ofl11) n-Si decreases by 1.5 V
electrically active with two distinct, narrow peaks close towhile V; of (111) p-Si decreases by only about 0.23%V.
midgap in the silicon band gafi.However,P,; centers are Negative bias stress generates donor states in the lower half
typically generated at densities considerably lower tRgn  of the band gap®®’
centers, making them potentially less important. Both interface trap and fixed charge densities of state-of-

Interface traps are electrically active defects with an enthe-art devices are in the range of4@m~2 or lower. For a
ergy distribution throughout the Si band gap. They act aMOSFET with a 0.1umx 1.0 um gate, i.e.A=10° cn?,
generation/recombination centers and contribute to leakagand N¢=N; =10 cm 2, there are only ten interface traps
current, low-frequency noise, and reduced mobility, drainand ten fixed charges at the Si3i interface under the gate.
current, and transconductance. Since electrons or holes otwenty charges lead to a threshold voltage shift of
cupy interface traps, they also contribute to threshold voltage

shifts, given by Qitt Qs
AV;=— <
A R ()4
Av = AQ(d9) 5
Cox _ 2,

where ¢ is the surface potential. The surface potential de- KoxeoA
pendence of the occupancy of interface traps is illustrated in 1.6X 10" 19% 20
F'g 4 - —13 —9tox

Interface traps at the SdSi interface are acceptor-like 3.45<10 <10
in the upper half and donor-like in the lower half of the band =—0.2x10%,,. (6)

gap®® This is in contrast to doping atoms, which are donors

in the upper half and acceptors in the lower half of the band~or t,,=5 nm, this givesAV+~—5mV. Device failure is
gap. Hence, as shown in Fig(aj, at flatband, where elec- sometimes defined aaV:=—-50mV, corresponding to
trons occupy states below the Fermi energy, the states in theN;=AN;=10" cm™2, showing that a modest increase in
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FIG. 5. Band diagrams of the Si substrate showing the occupancy of interface traps and the various charge (@lqriiebstrate with positive interface
trap charge at flatband and negative interface trap charge at inversigh)andubstrate with negative interface trap charge at flatband and positive interface
trap charge at inversion.

N; and N; suffices to cause failure. Since NBTI-generatedtrap creation via chemical species interaction and diffusion.

AN; and AN; are random in nature, suppose that in aThe exact model describing the NBTI physics remains some-
matched analog circuit, one MOSFET experience¥; what elusive at this time. However, these models are consis-
~—10 mV and the otheAV;~—25 mV. This 15 mV mis- tent with a number of observations in NBTI degradation and

match in aVy=—0.3 V technology is a 5% mismatch. This are expected to form the building blocks for a more complete
is a very significant mismatch, especially if one considerginderstanding of NBTI physics.

high performance analog transistor pairs that can require

mismatch tolerances of 0.1%-0.01%. Of course designer&. Hydrogen models

can'trade off area to imprpve mis'matchz but at the expense of A hydrogen terminated interface trap, shown in Fig. 3 is

adding capacitance and increasing chip area. Unfortunatelé{enoted by

there are no simple design solutions for some circuit building

blocks where the existence of asymmetric bias conditions Siy=SiH. @

will induce NBTI asymmetric mismatch degradation. These

issues are also of importance for sensitive digital circuitsSince a definitive model of interface trap and fixed charge

where such mismatch affects timing and edge triggering opreation is yet to be developed, we describe the various mod-
high_performance d|g|ta| circuits and adds to variances a|E|S that have been put forth. ngh electric fields can dissoci-
ready present in the process. These undesirable NBTI effec@$€ the silicon—hydrogen bond, according to the model

can potentially affect yield seriously.

Rauch shows that NBTI-induced mismatch shifts are un- ~ Sig=SiH— Siz=Si-+ H° 8
correlated to the initial mismatch and that variances of theynere H is a neutral interstitial hydrogen atom or atomic
mismatch shifts add to the initial mismatch variatidfis. hydrogen. Recent first-principles calculations show that the
Threshold voltage shifts of only 20-40 mV increase ¥i¢  positively charged hydrogen or proton'Hs the only stable
sigma mismatch by>10%. MOSFET S mismatch was charge state of hydrogen at the interface and thatréhcts

became important at higher overdrives. the reactiof®

IV. NBTI TRAP GENERATION MODELS Si;=SiH+H" — Siz=Si-+H,. 9)

In this section we discuss two basic approaches for mod¥his model uses the fact that the SiH comp{ex passivated
eling interface trap generation during NBTI processes. Thelangling bond chemical specjes polarized such that a
first models discuss trap creation via hydrogen interactionmore positive charge resides near the Si atom and a more
dynamics. The second set of models describes more generatgative charge resides near the hydrogen atom. Mobile
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Si Oxygen intuitive sense since it would require two electrons circulat-
ing the proton. Hence Hmay still exist inn-type Si, but it
alters the material characteristics to appear similar to H
existing in this material. It has been shown that SiH disso-
ciation in n-type Si has lower activation energy than in
p-type Si*® As the carrier density increases, the interaction
of SiH dissociation mechanisms is expected to increase. This
is consistent witho-MOSFETs showing more sensitivity to
Hydrogen NBTI than n-MOSFETs* It is also consistent with the acti-
(a) (b) (c) vation energy for hydrogen dissociation in SiH bonds being
FIG. 6. Schematic two-dimensional representation of the Si Bi@rface lower in bulk Si than in SIQ. Additional research will be
sho(Nir%g(a) the =SiH defect,(b) how tr?is defect may be eleitrically ac’ti- _requ”ed to conflr.m or dismiss this hypothesis. However, this
vated during NBTI to form an interface trap, a fixed oxide charge, and aiS the most consistent NBTI model.
hydroxyl group, andc) the OH diffuses through the oxide. After Jeppson A different model that is sometimes used to explain
and Svensson Ref. 45. NBTI induced trap formation considers the interaction of
SiH with “hot holes” or holes near or at the Si/SjOnter-
face. Dissociation involving holes is given by

positive H" migrates towards the negatively charged dipole o N L .
region of the SiH molecule. The Hatom then reacts with Sig=SiH+h"—Siz=Si-+H". (10
the H™ to form H, leaving behind a positively charged Si During NBTI stress, the proton is transportéem the
dangling bond(or trapping center This is an appealing SiO,/Si interface by the electric field directed from substrate
mechanism of the model since it is consistent with theoretito gate. Although this is still somewhat controversial, it is
cal models that predict lower activation energies for hydroconsistent with recent results indicating reverse substrate
gen dissociation from SiH when charged states éRish  bias (Vgs) accelerates NBTI mechanisifisThis model is
this model, B can later dissociate to again act as a catalyshlso consistent with hydrogen dissociation from SiH having
to disrupt additional SiH bonds. This process, in theory, caneduced activation energy as the free carrier density
continue so long as hydrogen is available and SiH bonds arni@creaseé? It is not clear if it is consistent with dissociation
available to react. dynamics inn-type Si(free carriers being electronsersus
Since it is the proton that disrupts the SiH complex andchannel inversiortfree carriers being holgs
forms the interface trap, interface trap formation depends on
the oxide electric field that aids in the transport of the protorg. NBTI chemical reacting species models
to the SiQ/Si interface. Radiation experiments have shown
that the electric field must be directédward the Si sub-
strate, for efficient interface trap formation to occur, if lis
created or released in the bulk Si® This is the typical
condition during radiation experiments, where the electric
field is directed from the gate to the substrate. Such
radiation-induced degradation affects bothand p-channel  whereY is unknown. Jeppson and Svensson were the first to
MOSFETs. This model is also consistent with the predictionpropose a model of NBT¥ They stressed MOS devices
that H is unstable in both Si and SjJ? Although the with Al gates and 95 nm thick oxides at4 to —7
model has successfully explained radiation experimentsx 1P V/cm. These devices had been annealed in forming
where ionizing radiation creates'Hn the oxide, it is incon-  gas at 500 °C for 10 min. They find equal densitie€Qgfand
sistent with NBTI experiments. The model is inconsistentQ; formation during NBTI stress. Th®;, density created
with H* generated in the bulk oxide since a negative bias omuring NBTI stress decreases slowly if the device remains at
the poly-Si gate causes the charged hydrogen to drift fronthe stress temperature with grounded gate. They also find a
the Si/SiQ interface at the channel. On the other hand, thet®2° dependence and propose the model in Fig. 6. The H of
model is consistent if one assumes ldan exist in the sili- the SiH bond reacts with the SjQattice to form an OH
con below the Si/Si@interface. At present this remains con- group bonded to an oxide atom, leaving a trivalent Si atom
troversial since the literature claims Hexists inn-type and  (Siy) in the oxide and one trivalent Sat the Si surface. The
H* exists inp-type Si. Hence if true, hydrogen would again Si; forms the fixed positive charge and the, &rms the
move in the wrong direction for the applied fields, sinceinterface trap. Their model forms the basis for models sub-
p-MOSFETs are fabricated in wells. H does not make sequently modified by others. They propose

We briefly describe some of the models that have been
proposed. One model assumes that species Y diffuses to the
interface and creates an interface trap

Si;=SiH+Y—Si,=Si-+X, (12)

Si;=SiH+ 03=SiOSiE 03— Si;=Si-+ 0;=Si" + 0;=SiOH+ e~

Y% D, Q X to Si (12
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For the interstitial hydrogen attack model X is ldnd Y is ~ NBTI stress, positive hydrogen ions are released from
HO. hydrogen-terminated silicon bonds. Some of the hydrogen
ions diffuse from the interface into the oxide bulk where
some are trapped, causing a threshold voltage shift. During
the early stress stage, reactidi®) and(20) favor the gen-
Fixed charges are designated &3 (C/cn?) and eration of interface states and positive hydrogen ions at the
N (cm~?).%® The fixed charge is a charge near the Si€1 interface. The process is limited by the dissociation rate of
interface, contributing mainly to threshold voltage shi®;  hydrogen terminated silicon bonds. However, after some
is also a byproduct trivalent Si defect in the oxide, denotedstress time, the transport of hydrogen ions from the interface

C. Fixed charge

by into the oxide limits the process and the diffusion rate is

0,=Si*. (13) controlled by a gradually decreasing electric field at the
SiO, /Si interface due to positive charge trapping in the ox-

Similar to interface trap creation modeled as ide and increasing interface state density. As a result, further

Siz=SiH+h* — Si;=Sis+H" (14) diffusion of hydrogen ions is reduced amd/; is reduced
. and finally saturates.

Qf generation can be modeled as Although mobile oxide charge usually results from ionic

0,=SiH+h"— 0,=Si" +H?° (15  contamination due to sodium ions or other ions such &s Li

, _ K*, Ca"*, and Mg"*, there is strong evidence that Han
Both interface traps and fixed charges are generated from thg. readily exist for prolonged periods in oxides as mobile

dissociation of SiH bonds. F@; this may take place at the charge that can be cycled in the gate oxXi## Although

interface or in the pxide _close tq the interface. 09?‘“’*"- NBTI has been concerned primarily with unidirectional deg-
from NTT determined fixed oxide charge densities fromradation shifts inVy andl pey, the interaction of mobile H

qapacitance—voltage measurements and interface trap dengimains a concern that should be de-embedded from nonre-
ties from conductance measurements of MOS C""p""éﬁors'versible stress induced effects. This is especially true in the

Based on these mea;urements, they formulated expressio&?Se where mobile charge induced shiftpHVMOS devices
for N andNy generation are in the range of expected NBTI induc&t} shifts of

AN(Eox, Tot to) =9X 10 *EL40%exp( — 0.2k T)/ty, ~ 20—-30 mV2°

(16) Before leaving this topic, we would like to point out that
there are some additional comments and concerns with re-

ANf(EOX’T’t):49053&0'14““_0'15‘(1—)’ 17) gard to the NBTI degradation models as predicted by EQs.
wheret is the time. They findAN; to be independent of (16) and(17). Although these equations remain as a funda-
oxide thickness, buAN;; to be inversely proportional to,, . mental building block for modeling and understanding NBTI
This suggests that NBTI is worse for thinner oxides. This isin p-MOSFETSs, deep submicron technologies may deviate
not always observed, however, and is highly dependent osomewhat from these predictions Deviations have been
the process conditions. Their model is consistent with a difobserved in the electric field dependence, the activation en-
fusion model forN;, formation. ergies, and in the time evolution of interface and fixed trap

Until this point we have considered that NBTI shifts do creation. Depending on the gate oxide process and whether
not saturate as can be seen in E46) and(17). More recent  or not the oxide has received plasma-induced damage, the
results indicate NBTI shifts tend to saturate over time, indi-NBTI oxide electric field exponent nE(}) lies in the range
cating a reaction-limited mechanism. Under these conditionsf 1.5<=m=3.0. The activation energie€{) appear to be in
one would expect the total shift in device characteristicsthe range 0.15 e E,<0.325 eV and may even be modeled
such asAV;=f(AN;;,ANy), to be limited by the total with some stretched exponents and distributions ER
amount of hydrogen available for breaking SiH bonds and+ ¢E,, depending on what dominates the reaction kinetics
the total number of potential trapping sites at the SitSiO and species involved, for example®, H", SiH, SiN, SiO,

interface and in the oxide. In this cadd/; is given by® SiF, etc® Regarding the time dependence, more recent data
_ _ _ _ suggest that interface and fixed charge are time evolving
AVr(ANi, AN =By[1=exp ~t/)] with similar dependences 2 although some deviations
+By[1—exp —t/7y)], (18 have been observed it appears that the time dependence fac-

whereB; andB, can be related to Eq§l6) and(17) and 74 tor lies in the range of 0'2_0'3‘ . I .
LT Because of the variance in activation energies and
and r, are the reaction limiting time constants, related to the : . . o
. . mechanisms governing the reaction kinetics of NBTI degra-
forward and reverse reaction rates for trap formation versug A - .
- ation, it is critical to use statistical reliability models for
trap pa55|_\/at|on._ . predicting IC performance, yield, and reliabilitf-he impor-
Equation(18) is based on the electrochemical reactfns . ! ’ .
tance of this increases directly as the level of complexity and
Sik=SiH+A+h" < Siz=Si-+H", (199 the number of devices on a chip increase. Accuracy and un-
. . derstanding the deviation in the statistical distribution of fast
= + —=GiaHT
O3=SiHTA+h"—0;=Si-+H", (20 shifting devices versus slow shifting devices can mean the
where A is a neutral water-related species at the, 58D difference between successful product introduction and eco-
interface andh™ is a hole at the silicon surface. During nomic disaster. Currently, the statistically small sample sizes
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used in many investigations do not address these issues a@ctor of 10 increase in the capture cross section of D com-

equately. pared to H’ Of course, this effect may be somewhat detri-
mental if deuterium is breaking the SiH bond since it is

V. EFFECTS OF VARIOUS PROCESS/DEVICE possible that deuterium may remain longer at a SiH bond and

PARAMETERS ON NBTI hence enhance the interface trap formation once near this

molecular complex. However, it is expected that this effect is

In this section we review process conditions that impacty e significant for desorption then for absorption. Based on
NBTI sensitivity in advanced CMOS processing. Whereveriese results of slower deuterium diffusion and some more
possible we prowd_e refergnces and interpret results and regscent worle® it is also expected that D should help reduce
ommendations for improving NBTI performance. NBTI even further at lower electric fields. This potential ben-
A. Hydrogen eficial effect is expected to be more important for normal
Hvd . . itv in MOS i circuit operation compared to the high fields used for accel-

ydrogen is & most common impurity in Nt~ orated NBTI studies. Regardless of the final mechanisms

grated circuits oxides, being incorporated into the oxide dur'governing D physics, it is clear that Pcan significantly

ing variOL_Js phases of IC fabrication, e.g., nitride deDOSitionreduce NBTI sensitivity. It is not clear yet, whether this im-
and formmg gas anr_lge}l. Hydrogen has been f°“”9' at Corb'rovement is enhanced at the low fields that are more typical
centrations of 18 cm™2 in dry oxides and concentrations of of actual circuits

0 am—3 i (153 et FAn ;
1(')2h cm bm ste_alm_lomdeé. Thi dls_tgsb_u_tlon f's r;&nﬁ_nllfqorm Deuterium passivation can be significantly improved by
with a substantial pileup near the SICS1 interface.” Higher depassivating SiH bondsefore deuterium anneal or with

concentrations can exist depending on processing and ann uterium-containing processes, e.g, idstead of H in

conditions. Hydrogen can exist in its atomic stat, Hs forming gas, deuterated silane Sitnstead of SiH, and
molecular hydrogen ki as positively charged hydroger_l o' deuterated a{mmonia NOnstead of NH. By anneali’ng the
protcin H', as part of_the hydroxyl group OH, as hydromum, devices in a 10% deuterium ambient forming gas and pro-
H;0", or as hydromde lons OH M.o.re recent !lteratgre viding the devices with a deuterated barrier nitride film, it is
suggests that His gnstablg in both 5|I|cqn and Sé(hnd. IS possible to retain the SiD bonds even if later stages of the
not expected to exiét As discussed earlier, hydrogen is be- rocess use hydrogen-containing forming &4Bhe deuter-

lieved 1o be the main passivating species for Si danglin ted silicon nitride provides a deuterium reservoir and a bar-

bonds and plays a_major role c_lurin_g NBTI stress, when Sil-her to subsequent in-diffusion of hydrogen and outdiffusion
bonds are depassivated forming interface traps. Hydrogegf deuterium. Clarlet al. at IBM verified the efficacy of this

and its interaction with nitrogen in nitrided gate oxides are,process with hot carrier stress measurem®hisu et al.

als_o a concern. qulng NBTI stress, because 9f lower aclitom United Microelectronics/Infineon/IBft and Kimizuka
vation energy, mobile hydrogen ions are more likely to Com-g¢ o from NEC/Bell Lab@® find deuterium to reduce NBTI.
bine with nitrogen in Si-N t?‘?”ds .rather then W'th _S',_O However, there are some concerns when using early deposi-
bonds and hence form positive fixed charge in nitridedyon of geuterium rich layers in process integration, espe-
oxides. cially if the layer is subjected to high energy implants at later
steps in the process. Higher energy implants through deute-
B. Deuterium rium rich layers risk activation and gamma ray production

: - 160,62
Deuterium has been shown to reduce NBTI. Deuteriuni"creases during processifif’

(D)—a “heavy” variant of hydrogen—is a stable isotope of
hydrogen with a natural abundance of 0.015% containing
proton as well as a neutron in its nucleus. Due to its heavie
mass or giant isotope effect, SID bonds are more resistant Nitrogen generally enhances NBTI. Nitrogen is com-
than SiH bonds to hot carrier stress as well as NBTI. NBTImonly incorporated into gate oxides to reduce boron diffu-
degradation with deuterium passivation generally exhibits aion in p-channel MOSFETS, improve hot carrier resistance,
parallel shift compared to hydrogen passivation with a simi-and increase the dielectric constant. However, nitrogen tends
lar t®2° dependence. This is likely due to its slower diffusion to degrade NBTI. Chaparakt al 3 from National Semicon-
coefficient. Deuterium can be introduced early or late intoductor usedL=0.4um MOSFETs witht,,=6.8 nm atT
the device fabrication process. Its incorporation at the=85 and 150°C. They measured hot carrier instability and
oxide/Si interface by thermal annealing involves three proNBTI and find that higher nitrogen concentration makes
cesses(i) deuterium must diffuse through the insulating lay- NBTl worse with an activation energy of,=0.84eV.
er(s); (i) it must passivate unpassivated interface traps; an&imizuka et al® from NEC used 0.1&:m MOSFETs with
(iii) it must replace the existing hydrogen in SiH bonds.t,,=2-4 nm. They measured;, g,,, andl s and find more
Mechanismiii ) is believed to be the rate limiting proce¥s. severe NBTI forp-channel than fom-channel MOSFETSs.

In addition to the differences in the expected arrival rateNitrided oxide made NBTI worse. Liet al. found N,O ni-
of H and D, recent results indicate that deuterium desorptiotrided oxides, rapid thermal anneal nitric oxides, and remote
is not only governed by the isotope effdet difference in  plasma nitrided RPN) oxides, where the gate oxide is ex-
vibrational excitation of SiH versus SjpDbut also by the posed to a high density of remote nitrogen discharge, and all
probability of D recombination enhancement due to thehad lower NBTI degradation than Sj3* However, RPN
slower movement of D. This effect has been observed as axides with higher nitrogen density exhibited worse NBTI

. Nitrogen and nitrides
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106 - S feen ey . D. Water
F e t,=1.6 nm Water in the oxide enhances NBTI. Sasadal.”® from
[ Sio, T=125°C | Sanyo stressed 11 nm oxide devicesTat 200 °C, using
105 § charge pumping to determiri@,,. By covering various re-

gions of the device with nitride, a barrier to water diffusion,
they found that water vapor is the dominant degrader. The
activation energy oE =1 eV is consistent with water dif-
104 E fusion through oxide. Blaet al.’! carried out a series of
; ] experiments growing 56 nm oxides ¢hl1) oriented Si in
i “dry,” “damp,” and “wet” environments. Dry oxides are
103 YA T B R grown in dry oxygen. Damp oxides are formed by exposing
1 10 100 dry oxides to a postmetal anneal at 450 °C, driving the thin
water layer that forms on the oxide surface when the wafer is
Average Nitrogen Dose (a.u.) withdrawn from the oxidation furnace, into the oxide. Oxi-
dizing in the presence of water vapor forms wet oxides.
and Qs increases are observed in damp and wet oxides and
the authors conclude that the diffusion species is water.
Kimizuka et al. find wet H,—O, grown oxide to exhibit
worse NBTI than dry @ grown oxides?®

Helms and Poindexter in their review paper on the

than those oxides with lower nitrogen. Kimizukaal. find o .

) T . Si/SiO, system, propose water as the NBTI culpfitSur-
nitrogen to degrade NBTI, with higher nitrogen content lead- _ . ) :
ing to more severe degradatithlchinoseet al. used SiN, veying the pre-1994 literature, they conclude thaOHs the

deposition to form sidewalls and find the NBTI lifetime to most likely—if unproven—depassivating reactant. H appears
depend on the SiH concentration in the nitride fiower  © 0 the less likely attacking reactant. ThgCHmodel is

=P : e : shown in Fig. 8. In Fig. &), the prospective reactant,B is
SiH concentrations lead to longer NBTI lifetimes. Lét al. near the passivate@l, center and irib) the electric field has
from United Microelectronics compared NO-nitrided oxides, passiv b o
RPN, NO+ RPN+ NO, and reoxidized RPRE They find oriented it into its attack position. It), the proton has been
the ,’\EOJF RPN+ NO t<,) give the best NBTI behavior in dislodged from the=SiH site and combined with the )@

. PR ) .
terms of interface roughness, effective mobility, gate currentfnOIecule to yield HO™. Finally, in (d), the now positively

NBTI V; shift, and hot carrier degradation. They attributeCh"’m:]ed HO™ is pglled away by the electric field preventing
this to low SiH bond densities due to the smooth SiSi any reverse re7asct|on. . . _ .
interface as a result of the NO anneal. Getal. also attrib- Ushioet al.™from Hitachi did a first-principles molecu-
uted the better NBTI behavior to a smoother interfilce. 'ar calculation to investigate hole-trapping reactions. They
They achieved this through a hydrogen pretreatment of thd€termined the reaction energies of hole trapping by sub-
wafer prior to oxidation, removing any chemical oxide. Re-racting the total molecular energy before hole trapping to
cent work from Chartered Semiconductor provides addi1°l€ reaction energy from that after hole trapping. The bond-
tional support that decoupled plasma-nitrided oxidednd configurations are shown in Fig. 9. Figur@@shows the -
(DPNOs, where a pure thermally grown oxide is exposed tob(_)ndlng_ configurations for an mter_face trap creation by H in
a high density decoupled nitrogen plasma source and ha2iOz- Figure b) shows the bonding configurations for an
significant NBTI improvement compared to rapid thermalinterface trap creation by 30 in SiO, and Fig. 9¢) for an
nitrided oxides(RTNOS.%® Indeed, their results indicate the interface trap creation by 3D in SIQN, . Water has a lower
NBTI activation energy of DPNO oxides is 0.325 eV com- feaction energy than hydrogen,® reacts with O or N va-
pared with 0.25 eV for RTNO oxides. This increase in acti-cancies by inserting OH into the vacancy and generating a H
vation energy translates directly to significantly improvedatom to stabilize the hole-trapped state. The H atom com-
NBTI lifetimes in DPNO oxides although the time dependentbines with the H of a nearby Si—H bond, creating an inter-
degradation remains proportionaltft?® for both DPNO and ~ face trap. The final products ai@;, Q;, and K. Their
RTNO oxides, which indicates diffusion of a reaction speciesconclusions: water-originated reaction has lower energy at
such as positively charged hydrogen is still a dominatingghe Si/SiQN, interface than at the Si/SiOinterface, i.e.,
mechanism for NBTI in these structures. NBTI is enhanced by water and by nitrogen incorporation in
Imai and Ono used radical nitridation from electron cy-the oxide.
clotron resonance to increase the nitrogen concentration near Water is often present on wafers from the contact and via
the gate/oxide interface in a 1.6 nm gate oxide, poly-SiGdormation. When the wafers are etched and cleaned, there is
gate technolog§® As shown in Fig. 7, the nitrogen must be no problem getting water into the small holes mainly through
carefully controlled or it leads to excessive NBTI degrada-capillary action, the problem is getting water out of the
tion. That paper clearly illustrates the tradeoff between optiholes. An N bake at 200 °C for>24 h is often used for
mizing for good NBTI lifetime and optimal device perfor- good contact and via resistances. Water and moisture mostly
mance(gate leakage current, gate insulator boron penetratiotravel along interfaces. This potentially makes water a key
etc). issue in pattern or layout dependent NBTI shifts. As pointed

T

Oxynitride

NBTI Lifetime (a.u.)

FIG. 7. NBTI lifetime as a function of nitrogen concentration in the oxyni-
tride film. After Imai and Ono, Ref. 69.
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0:0eSi:H h: Hole
H\E Electric Field

FIG. 8. Depassivation dP,, center by
attack of HO molecule under electric
field stress:(a) passivated, unstressed
condition; (b) orienting of H,O mol-
ecule and attraction of hole&) to the
(a) (b) interface by the electric fieldic) cap-
ture of a hole and H atom from tHg,
center, forming HO"; and (d) H;O"
removed from the reaction site by the
electric field, leaving an active inter-
face trap. After Helms and Poindexter,
Ref. 72.

H +
H
Electric Field Electric Field o

(c) (d)

out several times throughout this article, this can lead to fasé. Oxide damage
NBTI tails in the distribution of lifetimes if just a small
amount of water is present in some pattern dependent loc

tions within the die. Failure of a critical path device can For example, ion implantation creates defects at the interface

cause yield loss dur'in'g purn—in or field operation. Henpe Calfhat subsequently lead to more severe NBTI. Several articles
must be taken to minimize the presence of water during proFeport higher NBTI degradation for higher initial interface

Oxide damage enhances NBTIl. Damage in the oxide,
Particularly at the SiQ/Si interface is detrimental for NBTI.

cessing. trap density. In fact, NBTI has been used to characterize
plasma-induced damage and was shown to be a good predic-
E. Fluorine tor of oxide susceptibility to plasma chargifg.

Fluorine reduces NBTI. Fluorine is known to have many
beneficial effects on MOS devices, improving hot carrier im- .
munity, dielectric integrity, and NBTI. Hookt al.from IBM  H. Gate material
show that fluorine reduces NBTI and the reduction increases  B|at et al. use evaporated Al gatésGerardiet al.”® do

witf714 increasing implanted fluorine dose, as shown in Fignot use gates at all, but use negative corona charge and ob-
10. Liu et al. also observe an NBTI mproyeme‘ﬁtHow- serve P, formation on(111) Si. Most others use poly-Si
ever, these beneficial effects need to be weighed against defates. This implies that gate metal or poly-Si is not required

rimental effects such as enhanced boron diffusion in the gatgnd NBTI appears to be independent of gate material.
oxide and higher junction leakage current in some devices.

F. Boron |. Gate precleans

Boron enhances NBTI. Boron diffuses into the gate ox-  Although there are few publications on the interaction of
ide from the boron-doped gate and from the source/draigate precleans with NBTI sensitivity, it is obvious that this
implants. NBTI should be gate-length dependent, if diffusionstep can potentially impact NBTI performance. Gate pre-
from the source/drain regions is important. A significant life- cleans are known to impact the gate oxide quality. Improper
time improvement is observed, as shown in Fig. 11, if bororcleans can leave contaminants or damage nucleation sites
is kept out of the gate oxide. Boron penetration has beethat affect NBTI and 1/ noise. One of the more interesting
observed to enhance fixed charge generation but to suppressports for improving NBTI is to use hydrogen pretreatment
interface trap generation. Reduced interface trap formation ief the silicon surface before gate oxide growfHunfortu-
attributed to the formation of Si—F bonds from the Bfo-  nately, the authors did not give details of their hydrogen
ron implant. Enhance®@; has been attributed to increased pretreatment technique. However, it is well know that hydro-
oxide defects due to boron in the oxitfeAs long as boron gen binds to exposed silicon protecting it from oxidation and
penetration into the gate oxide can be prevented, the use @fom contaminants such as water and carbbhlydrogen
BF, implants compared to standard B implants can gain alambient at high temperatures results in breaking up of native
most a 1 order of magnitude improvement in NBTI oxides and removal of contaminants and is used extensively
lifetimes.® in SiGe epitaxial technologié¥.
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FIG. 9. (a) Interface trap formation in Si/SiOwith H (9.19 eV}; (b) inter-
face trap formation in Si/SiQwith H,O (7.43 e\}; and (c) interface trap
formation in Si/SiQN, with H,O (5.82 e\). After Ushioet al,, in Ref. 73.

J. Silicon starting material

As we discussed earlier in the article, the type of silicon
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FIG. 11. Device lifetime vs gate length with and without boron penetration.
The lifetime is defined as ¥;= —20 mV shift. The lifetimes were extrapo-
lated from the temperature stress dependence. After Yamamioab,

Ref. 75.

NBTI sensitivity. Typically (100 silicon has been preferred
over (111) silicon due to fewerP, centers. Interestingly,
however, recent results indicate improved device perfor-
mance ofp-MOSFETs fabricated ori110 silicon wafers.
Momoseet al. have observed a factor of 1.5—-1.9 improve-
ment in low field mobility and transconductance and similar
improvements in drive current of these devicghough
n-MOSFETs showed less improvemeyits Unfortunately,
p-MOSFET NBTI sensitivity was much worse 110 sili-
con compared t¢100). This increased sensitivity was found
to correlate with significantly increasedf Ioise. Transmis-
sion electron microscope cross section indicated that surface
roughness may have played a role in the NBTI sensitivity
and hence it is speculated that it may be possible to over-
come these issues with more careful gate oxidation methods.
More research will be required in order to quantify(1f10)
silicon can maintain bettgyz-MOSFET device characteristics
such ad pg,; While minimizing NBTI and 1f noise sensitiv-
ity.

In addition to the starting material orientation, some pro-

starting material orientation can have a direct impact orcessing steps can induce changes in the orientation of ex-
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FIG. 10. Normalized NBTIV; shift as a function of fluorine dose. After
Hook et al, Ref. 74.

posed surfaces, which may become more sensitive to NBTI.
Local oxidation of silicon(LOCOS oxides with too much
stress can chand&00) Si to (111) Si at the bird’s beak edge,
and shallow trench isolatiofSTIl) can changg100 Si to

(110 Si at the trench edge. Both effects influence gate oxide
thickness, stress, and oxide charge. For curved surfaces at
bird’s beak edges in LOCOS, or trench edges in STI, there
can be increased oxide charges. With shrinking device di-
mensions, these curved surfaces take up a higher percentage
of the transistor active area. Furthermore the local strain in
these regions can alter the activation energy/dynamics for
NBTI induced trap creation. We expect this to lead to pattern
dependent variation in circuit NBTI sensitivity and hence
care must be taken for design and process interactions.

One intriguing method for getting around many of these
issues is expected through the use of atomic oxidation meth-
ods. Saitoet al, have unambiguously demonstrated that
atomic oxidation methods significantly improve interface
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....... —— activation of NBTI processes and NBTI drift. If care is not
taken to understand these issues, timing degradation depen-
dent paths can lead to accelerated circuit failures during

— Nitrogen
) burn-in or field operations. Detection of these failures may
o 3 : become difficult due to circuit complexity and hence lead to
£ bl AP TRATS : erroneous data or output conditions.
:'3 High 3 Temperatures encountered during processing also play a
oo Nitrogen role in the NBTI sensitivity. For example, it has been found
~ 3 that RTA processing and the ambient anneal environment can
Vg=-1.2V, t,,=2.2 nm ] have a significant effect on NBTI sensitivity, where NBTI
108 e depends strongly on the processing temperature and anneal-
2 3 4 ing ambient!® Oxygen ambient was found to worsen NBTI,
1000/T (K'1) while annealing in argon led to a reduction in NBTI sensi-

tivity. It is believed that the oxide growth temperature and
FIG. 12. Lifetime as a function of temperature. Nitridation done in NO. annealing ambient can lead to changes in the oxide itself,
Data after Kimizukaet al, Ref. 26. including the mechanical stress of the oxide, the composition
of the oxide(silicon rich versus oxygen rich, the water con-
tent in the oxide, efcand the total number of trapping cen-
ters and potential trapping centers that are passivated with
SiH or SiD (lower number of total traps leads to improved
NBTI).

Process temperatures should be limited to temperature
less then 1100 ° &3 Although the effects of very high pro-
cess temperatures have not been reported for nitrided gate
K. Holes oxides, it has been shown that temperatures at or above this

Why are holes required in NBTI? Blagt al. find no  value can lead to a significant generation of “nonreactive”
NBTI for n-channel MOSFETs and claim it is because theremobile hydrogen trapped in the gate oxfti€* These results
are no holes near the Si surfadeThis suggests that holes are also consistent with results that indicatgONgrown ox-
are required, but there is no clear equation that shows whadles show significant reduction in charge-to-breakdown
holes do in the thermo—chemical reaction. Figures 8 and 9Qg) when grown at higher temperatufeThis is in con-
show the role of holes qualitatively. This effect becomestrast to pure oxides, which show increas@gs with increas-
stronger for higher reverse body bias, which accelerates therng oxide growth temperature up to approximately 1050 °C.
mally generated holes towards the Si/SiBterface?® thus Another area effecting NBTI appears to be postmetalli-
increasing NBTI sensitivity. On the other hand, circuits mayzation anneal temperature and the forming gas anneal tem-
not see this accelerated condition simeevell supply volt-  perature. Resent results indicate that postmetallization an-
ages are limited and henceVigs is increased, th¥/ poten-  neals temperatures and FG anneals should be minimized to
tial to the channel is decreased in the circuit, reducing theemperatures at or below 370 C to improve NBTI and im-
oxide electric field. This inherent circuit bias constraint canyrgye time-dependent dielectric breakdo@DDB) in nar-
potentially offset the accelerat&s NBTI mechanisms. Ad- 5w device<L? 87 Finally, we point out that other anneals such
ditional work will be required to quantify the exact effects 45 the postsilicide anneal temperature, can impact the NBTI
with regard to realistic bias conditions encountered byperformance and care must be taken to optimize all key an-
p-MOS_FETs, especially in dual- or multigate and multiple neals and the ambient of the anneals in a protess.

Vr devices. It was shown by Royet al. that it is beneficial to grow
the gate oxide at a temperature above the,SiiScoelastic
L. Temperature temperatur&® Growth stress incorporation in SjGs the re-

Higher temperature stress enhances NBTI. NBTI degrasult of SiG, viscosity decrease at high growth temperatures
dation is thermally activatefisee Eqgs.(16) and17)] and, and its subsequent increase during cooling. A graded struc-
therefore, is sensitive to temperature. NBTI degrades mor8ire aids in stress relaxation, where a pre-grown oxide layer
severely the higher the temperature, as illustrated in Fig. 12rovides grading for the subsequent high-temperature oxide
As pointed out earlier, the activation energy of NBTI pro- layer to grow below the pregrown seed $ildyer. This seed
cesses appears to be highly sensitive to the types of potenti@lyer acts as a sink for stress relaxation. With this process
reacting species and to the type of oxidation methods usedlesign, high-quality Si@interfacial layers, free from local-
This sensitivity in activation energy is highly sensitive to theized strain gradients, can be grown. They grew graded oxides
temperature and variance in it will led to variance in theat typically 940—1050°C in a diluted oxidizing ambient
predicted NBTI lifetime of different processes. High perfor- (0.1% O on a pregrown Si@layer, grown at 750—800 °C.
mance microprocessors and SOCs can have hot spots inTéis pregrown oxide layer provides grading and stress relief
circuit design leading to large temperature gradients acrossduring the cooling phase. Better thaxx8eduction in NBTI
chip. The net result is pattern dependent dispersion in thevas observed for the graded oxide when compared to con-

trap densities orf111) silicon, yielding an order of magni-
tude reduction ifN; compared to conventional thermal oxide
growth® They also demonstrated highly uniform oxide
thickness including regions of oxide thickness growth at STI
edges wheré€l00) silicon surfaces change (@10 and(111).
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ventional oxides, attributed to the Si/SiGnterfacial sub- found for both positive and negative plasma potentiéls.
structure and a reduced number of weak silicon—oxygefPther than minimizing plasma-induced dam&BtD) in pro-
bond within the oxide layer. cessing equipment and through special gate protection struc-
Liu et al. measured the hydrogen redistribution in steamures, a simple method for immediate improvement is
grown oxides by resonant nuclear reaction anaffsihey  through the use of conductive top filiSTF9 prior to using
did this for 25 nm thick oxides grown at 850 °C and also for high-density plasma for dielectric depositions. This has been
oxides postoxidation anneald®OA) at T>1000°C. The recently demonstrated in a joint effort by Motorola and AMD
measurements showed that the POA sample had significantiyhich clearly indicates that use of a thin undoped amorphous
lower hydrogen density, loweb;, and lowerQ;. After  silicon CTF on top of the contact etch stop layer over silicon
NBTI stress, the hydrogen density accumulated in an aptesults in significantly reduced PID and significant improve-
proximately 8 nm wide region near the Si(Si interface, ment in NBTI lifetimes and improved electric field
was significantly higher than the NBTI-inducd®l,. POA  dependence¥. The improvement in PID and NBTI perfor-
clearly improved NBTI. mance was attributed not so much to the conducting ability
Bunyanet al. show that self heating in silicon on insu- of the CTF but more to the photon absorption of this layer
lator (SOI) MOSFETSs can aggravate NBTI-induced flatbandfrom high energy photons generated in the plasma that are

voltage shifts and interface state density incredses. suspected of damaging the gate oxide. The sensitivity of this
effect to antenna size remains somewhat unclear to us at this

point, but is expected to be related to asymmetric charge
M. Interconnects generation, electron/hole recombination times, and differ-
ences in the barrier of the gate dielectric to electron and

Processing during backend-of-li(BEOL) metallization ' i
holes generated via the high energy PID photons.

appears to have a significant influence on NBTI sensitivity.
Data presented in joint work by Sony and Fuijftsindicate
copper metalization with typical dual damascene process .
degrades NBTI. The increased sensitivity of NBTI to coppe(r?ﬁ' Mechanical stress
metalization was attributed to increased hydrogen present in  Mechanical stress induced by either encapsulating films
both the copper metalization and especially in the barrieor by shallow trench proximity can have significant effects
metal. Using TaN as the barrier metal compared to TiN/Tion the NBTI sensitivity of a device. Mechanical stress ap-
improved NBTI. These results are in contrast to earlier repears to interact with the amount of hydrogen and/or water
sults, which indicated similar NBTI sensitivity in antenna present near the active regions of PMOS devices to cause
structure obtained from Al metalization and from Cuincreased NBTI sensitivity and even time-dependent di-
metalization’ The differences in these results may be due teelectric breakdown degradati6h®®“°Based on these results
differences in the hydrogen or water content present irit is important to minimize stress in IMD films and STI pro-
BEOL processing between the two fabrication facilities. cessing while also minimizing H/$D content for improving
Clearly another area of significant importance with re-NBTI. Finally, although it has not been reported, we expect
gard to NBTI and BEOL processing is the intermetal dielec-that IC packaging may become increasingly sensitive to
tric (IMD).8"%% Low-k IMD materials can introduce signifi- NBTI degradation if the packaging material induces me-
cant concentrations of water and hydrogen into the insulatochanical stress in encapsulated silicon chips, if stress is in-
Materials of concern include spin on glass, SOD, plasmaleed a factor influencing NBTI. If true, this could become an
enhanced chemical vapor deposition dielectrics, etc. As disadditional concern for a SOC product that is destined for
cussed earlier, NBTI is strongly sensitive tg® that can packaged part burn-in, especially if significant amounts of
penetrate the active-MOSFET area in an IC. It has been H/H,O remain in the IMDs of the IC chip. However, we
found that these lovik- IMD materials may impose signifi- again point out this is speculation on our part and will re-
cant NBTI risk if hydrogen or water is present along with quire additional studies to verify if this is an issue.
catalytic anneals that appear to release and/or diffuse
hydrogen/water to active regions @-MOSFETs causing
significant NBTI degradation. Nitride liners may minimize O- Oxide electric field
the impact of some of these issues but it is still possible for  Oxide electric field enhances NBTI. NBTI is very sensi-
H/H,0 to penetrate vias to the active devices and hence cakfe to electric field as shown in Fig. 13 in terms of the
must be taken to minimize the IMD from high levels of applied gate voltage for two different oxide thicknesses. Ac-
H/H,0. cording to Ogawaet al. the interface trap and fixed charge
The final area in BEOL processing to impact NBTI per- generation show ak_?> dependencé’ To determine the life-

formance is device antenna ratio and the potential for plasmgme dependence oB,,, we write the oxide voltag¥,, as
damagée®® Although forming gas anneals have been shown to

remove damage from unstressed devices, when stress condi- Ve=Veet st Vox=Vox=Ve—Ves— 5. (21
tions are applied, plasma damaged devices become signifeor thep™ poly-Si gatef-substrate device/gg~0.8 V and
cantly more sensitive to NBTI degradation with highly ac- ¢ .~2¢-~—0.6 V. The oxide electric field then becomes
celerated shifts in comparison to gate-protected structures or
structures without antennas connected. Enhanced NBTI sen- :ﬁ‘: VG_O‘Z,

e (22
sitivity in p-MOSFET antenna connected structures has been

0ox
Lox Lox
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FIG. 15. MOSFET cross section showing possible “leakage” paths for

o . o boron and water penetration into the gate oxide.
FIG. 13. Lifetime as a function of gate voltage. Data after Kimizekaal,,

Ref. 64.
SiN” case allows the most water penetration and exhibits the

whereV<0. Replotting the data of Fig. 13 in termsBf, , highestV+ shifts. On the other hand, if fluorine passivation

gives the plot in Fig. 14. The linear data on a semilog pIotOf interface traps is important, then shorter gate lengths may
suggest the lifetime expression lead to reduced NBTI with reduced gate length, since F finds

it easier to diffuse to the SiJSi interface. Although worse
r=Kexp(—Ex/Ey). (23)  NBTI is most commonly associated with shorter channel de-
Fiting the data yields K=2.3x10%s and E,=7 Vices, there are examples that show the opposite ttend.

X 10° V/ecm for to,=1.6 nm andK=1.07x10' s andE,

=5.7x10° V/cm for to,=2.9 nm. VL. NBTI MINIMIZATION
To minimize NBTI, it appears to be necessary to have
P. Gate length initially low densities of electrically active defects at the

NBTI does not depend on lateral electric fields, unlikeSiOz/Si interface and keep water out of the oxide. During
hot carrier degradation, and should therefore not exhibit anf°ly-Si deposition, the water on the wafer surface is driven
gate length dependence. Nevertheless, NBTI is sometimeyf, leading to low water-containing oxides. The use of a
enhanced with reduced gate length. It is not well understoodilicon nitride encapsulation layer has been found effective in
why that is the case. It may have to do with the closeness dféePing water away from the active CMOS devices and
the source and drain and the dielectric spacers to the actidnce improving NBT! performancé@However, it is critical
channel. As shown in Fig. 15, localized damage near th&° pattern the nitride film and optimize the geometry in order
ends of the channel and possible boron diffusion from sourck® assure that hydrogen passivation of dangling bonds can
and drain into the gate oxide may play a role. Furthermore@Ccur while keeping the distance from the active region Iarge
lateral water diffusion into the gate oxide may be enhance@nough to ensure that water cannot diffuse to the gate region.
for shorter gate lengths. The threshold voltage shift deperfdditional studies have found that it is also important to
dence on gate length is shown in Fig. 16. For these data, tH@!niMmize str.es%e and hydrogen conteﬁf,ln these liner ni-
MOSFET was totally or partially covered with silicon nitride trides covering the active PMOS devices. It appears to be
to study the effect of water penetration. Clearly, the “no

50_ T MERRRA HERARLEARILAS
107 : to=11 nm, T=200°C
E - 40 - Vg=-5 V]
108 [ > 1
w f £ 30[ ]
b T ~— ]
QO 105: 3 = y
£ : ] > 20 .
e’ i < r
=104 L 4 C
9 “« " 40 . ]
5 [ N b L
108 | AN ol 2
E = = [o 1
qop foo2sum TR0 0.1 1 10 100
5 7 9 11 13 15 Gate Length (um)
'on (MV/Cm) FIG. 16. Threshold voltage change as a function of gate lergthSiN
all over the device andB) SiN over gate only. Data from Sasadaal.,
FIG. 14. Lifetime as a function of oxide electric field. Ref. 70.

Downloaded 22 May 2009 to 131.252.222.238. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



16 J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Appl. Phys. Rev.: D. K. Schroder and J. A. Babcock

important to keep damage at the $iSi interface to a mini- be enhanced such as boron penetratiom-®1OS perfor-
mum during processing. The higher the initial interface trapmance degradation. Boron degrades NBTI.
density, the worse is the subsequent NBTI. For example, As described earlier, the oxide electric field plays a sig-
nitrogen introduction by ion implantation exhibits higher nificant role in NBTI sensitivity. Buried channel devices
NBTI than nitrogen introduction by nonimplanted me&hs. have been shown to reduce NBTI sensitivity, but they may
Plasma Charging damage also degrades NBTI as shown [jsDt be suitable for most advanced CMOS technologies. We
Krishnan et al. from Texas Instrument& This NBTI en-  also expect NBTI sensitivity to be reduced by mid-gap work
hancement with antenna structure was independent of metépnction gate materials, since the oxide electric field will be
ization, being observed in both dual damascene copper mer[educed due to the work function difference and due to the
alization as well as traditional plasma etched aluminunflatband voltage differencélower doped channel regian
metalization. The reason for this similarity is not understood Based on these concepts, it is expected that fully-depleted
but it is clear that antenna-charging effects are important t©! should also offer improved NBTI immunity, because it
both copper and aluminum technologies. Pagadegal.  USes lower-doped channel regions resulting in lower gate ox-
from Xilinx also show that plasma damage degrades NBTI ijde electric fields, which should lead to improved NBTI.
p-MOSFETs, butn-MOSFETs are not degradéd.The
threshold voltage degradation is consistent with their obser-
vation that the rise time of the CMOS output signal, con—V”' CONCLUSIONS
trolled by thep-MOSFET, is degraded. The fall time, con- NBTI is potentially a significant reliability issue in
trolled by then-MOSFET, is unchanged. It is believed that p-channel MOSFETSs. Although it is not a “show stopper,”
charging damage results in higher interface trap densitiebecause it is possible to design around it, it does place addi-
Although these are passivated during subsequent lowtonal onus on design and process engineers to take this deg
temperature sintering, nevertheless, these higher initial Si—lradation mode into account. While, the microscopic details
densities, lead to higher NBTI. Hence, this suggests that inief NBTI are not completely understood with most of our
tial damage should be minimized, even if that damage ipresent knowledge based on empirical results, NBTI physics
annealed by postmetal annealing. and dynamics is gradually becoming clearer. From the litera-
Deuterium is an effective way to improve both hot car-ture, it is clear there are many effects that interact with NBTI
rier stress and NBTI. However, it is not trivial to get the sensitivity in a process. Most of these effects are second
deuterium to the Sig¥Si interface to form SiD bonds. If the order and they modify the reaction dynamics or influence
MOSFET spacers consist of silicon nitride, deposited in theand shift the rate at which NBTI occurs within a given pro-
presence of hydrogen, most of the dangling bonds are akess and for a given device geometry. Probably the most
ready saturated with hydrogen and it is difficult to replaceimportant issue is the quality of the gate oxide and the spacer
them with deuterium. Hence, the process needs to be alteredgions sounding the edge of the gate. The number of traps
to ensure deuterium can get to the $ISi interface and or weak spots in the oxide must be minimized to reduce
passivate dangling bonds or replace the hydrogen in existinBTI sensitivity. Passivation of these traps with hydrogen is
SiH bonds with deuterium. a partial solution since bonds can be broken and processes
Nitrogen incorporation has given conflicting results. that yield very low trap densitie@ess then 18 cm™2?) are
Some authors claim an NBTI improvement, while others ob-critical.1°* Minimizing this high-quality oxide to effects such
serve degradation. Degradation is more commonly observeds antenna charging or other bond breaking process is likely
Nitrogen concentration plays a key role in NBTI sensitivity the next most important issue. Passivation of remaining dan-
especially if it is located near the Si/SiGnterface. Optimi-  gling bonds remains critical, but to minimize the sensitivity
zation of the nitrogen profile in the gate oxide can signifi-of these bonds to NBTI induced degradation should be the
cantly improve NBTI sensitivity. Another key method to im- next level of focus.
prove NBTI sensitivity is through the use of remote plasma  Materials or process steps that reduce NBTI activation
nitridation of N,O-grown oxide&®® and DPNO oxides. Ni- energy should be minimized. Typical processing conditions
trogen at the oxide/Si interface reduces the activatiorthat affect the NBTI activation energy have been outlined in
energy’® The higher the nitrogen concentration, the lowerthis article, but in general the worst culprits for reducing SiH
the activation energy and bot®; and Q;, exhibit the same and H interaction dynamics are nitrogen, water, and me-
activation energy. The location of the nitrogen is also impor-chanical stress. Nitrogen, water and other chemical species
tant. The closer the nitrogen is to the oxide/Si interface, thehat lower NBTI activation energies can be minimized in a
worse is NBTI1® process or one can tailor the profile in the oxides to lessen
The method and chemistry of oxide growth appears tdhese materials at or near the Si/i@terface. Mechanical
have significant effects on NBTI. It has been shown that thestress can be minimized by modifying the temperatures and
oxidation atmosphere has significant influence on NBTI,growth conditions and strain in the oxide, STI or other di-
with wet oxides showing worse NBTI degradation then dryelectric layers. Alternatively one may be able to relieve the
oxides. Fluorine, however, does lead to an improvement. Istress in oxide by methods such as ion implantation in the
has also been clearly demonstrated that F implants or F comitride liner layers or stress compensating lay8fsSubsti-
centration in the gate oxides can significantly improve NBTItuting deuterium for hydrogen is the next best approach since
and 1f noise performancé& However, care must be taken D, has high binding energies and diffuses slower than hydro-
when using blanket F implants since detrimental effects cagen.
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