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Abstract— While the defects constituting the recoverable com-
ponent R of NBTI have been very well analyzed recently, the
slower defects forming the more “permanent” componentP are —
much less understood. Using a pragmatic definition forP, we
study the evolution of P at elevated temperatures in the range
20C°C to 35C°C to accelerate these very slow processes. We
demonstrate for the first time that P not only clearly saturates,
with the saturation value depending on the gate bias, but ats
that the degradation at constant gate bias can also slowly 1
reverse. Furthermore, at temperatures higher than about 30°C, L
a significant amount of additional defects is created, whictare
primarily uncharged around Vi, but contribute strongly to P
at higher V. Our new data are consistent with our recently
suggested hydrogen release model which will be studied in v Stress v
using new|y acquired |0ng-term data. Fig. 1. The measurement setuplV: referencelp /Vg curve. Then, the device

is stressed at a higher temperature (including heating aoting phases).
After the end of the cooling phase, 2§/Vs curves are recorded. From each,
R = AVin@Viy, is extracted relative to the initidb /Vg, yielding Pyin = minR.

I. INTRODUCTION

During the long puzzling history of NBTI the quasi-

permanent componeri has proven particularly elusive, 8Saway” at higher temperatures (350-4Q) [13-16]. These
It is normally masked by the recoverable compoantn temperatures are considerably higher than those typioaty
typical Ay, measurements. A number of other experlmentahring BTI stressing € 200°C [17]) and close to those

tec_:hniques, such as el_ectron spin resonance (ESR) [1,glgq during the forming gas anneal applied during device
spin-dependent recombination (SDR) [2], DCIV [3], charggyrication (around 40@ for less 30 minutes [18]). Not
pumping (CP) [4-6], and CV [7] have been used to extragf, yisingly, we have recently shown that longer bakes kee
the increase in the number of slowly recovering defecl§ yonths) at such high temperatures can lead to additional

typically referred to as “interface states”. Indeed, ales@ ogocrq [11], which will also be explored more closely here.
measurements have revealed defects which are difficult to

anneal. Conventionally, these defects are associated Svith
dangling bonds, but a conversion of these data\g and
thus toP introduces uncertainties as it requires assumptionsFor our experiments we use packaged devices of a 130nm
regarding the density of states and/or time constants of #te@mmercial technology [19] (2.2nm SiON) in computer-
responsible defects [8, 9]. controlled furnaces to guarantee flexible and automatic tem
In order to avoid these conversion related issues, it figerature control as well as long-term stability of the ekper
necessary to measukeusing the same method & which ments. This allows us to acquire long-term data over several
is difficult since Ay, keeps recovering for very long times,months to further elucidate the mechanisms responsible for
certainly longer than weeks after longer stress times \M&. the creation and annealing Bfusing the experimental scheme
have recently suggested and evaluated a pragmatic definitid Fig. 1. Given the thermally activated nature Bfand the
of P using deliberately slows /Vc measurements [11]. Duringlong time constants involved, degradation is accelerated a
these measurementé; is ramped into accumulation severahigherT (250-350C). Since the experimental determination
times, thereby removing a lot of trapped charge typicallgf AVy, at these high temperatures was found to be unreliable,
associated withR [12]. The remaining degradation is therthe temperature was always lowered back to 200°C for the
pragmatically calledP, although it is understood that a preciseneasurement of AV, Due to the large time constants of the
separation oR andP using this approach is impossible [10]furnaces, these temperature changes took about 1-2 haurs. |
Still, as has been shown [11], tireobtained in this manner is order to avoid additional effects due to voltage stress, the
no longer sensitive to any measurement delays and also omigximum gate voltage used during stressl.6V) was kept
recovers weakly. In this context we recall that the degiadat close to theVpp of our technology. At each measurement
accumulated during BTI stress is not really permanent bpoint, 201p/Vs measurements are taken by slowly sweeping
rather recovers very slowly in a thermally activated manndretween-1V and+1V with a rate of 1V/s and the remaining
In particular, it has been demonstrated that it can be “bak&d, is extracted at a particular bias, s8¢ = Vi. In order
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to make R and P comparable, this readout voltage should
equal the voltage at whiclR is measured. From these 20
values, the minimum valu@yin, = min;AVy,; is assumed to
be representative foP to minimize the measurement noise
and remove recovery-related artifacts.

Electronic Energy

Ill. GATE-SIDED HYDROGEN RELEASE MODEL

We will interpret our experimental results from the perspec
tive of a recently formulated hydrogen-release model inciwvhi  _
hydrogen is released from the gate side of the oxide to rm'grat%’
towards the channel [11]. The release of hydrogen has been th;
subject of intense discussion during the last decades (%8, 2
29], for instance as a consequence of hot electron injef2i@on
31]. Since we also see NBTI-like drifts at very small voltage
including 0V [11], a different mechanism than the injection
of hot electrons is required to explain H release. In this
context it is worth recalling that the mechanism respomsibl
for the build-up of P cannot rely on proton transport, as
has often been speculated in the context of post-irradiatio
buildup of interface states [18, 20, 26], since the appbcat
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Fig. 2. Schematic H-release mechanismA trapped H" at the gate side (A)
is neutralized during stress (B/C), released Asover a barrier (C), moves to

of a negative voltage at the gate would draw the ProtOkR channel (C) and becomes trapped in previously inadtessi trapping
towards the gate rather than the channel. However, just likies (D). Eventually, particularly at high, additional H can be released from

from the irradiation perspective, where a mechanism based B¢ reservoir.

the release oheutral H or Hy, has been suggested [32], a
similar mechanism also appears fully consistent with otia da
as will be shown in the following.

A. Basic Considerations

Based on numerous literature reports [23, 30, 33-36] and
our own theoretical and experimental data [37—40], we have
recently suggested a hydrogen release (HR) mechanism to
explain the evolution oP [11]. In this model,P results when
hydrogen atoms trapped in suitable precursor sites [3&R29]
neutralized during stress and detrap over a thermal barrier
The released Hcan then quickly migrate towards the channel
during stress, become trapped in preexisting H-trappites si
form a defect, and thereby lead ta¥, shift (see Fig. 2). We
emphasize that the probability of having ‘free’ (intelisfjt H

« Along similar lines, it has been found that dopants in

the channel can be passivated by H following BTI stress,
consistent with the release of H from the oxide [23].

In an interesting reversal of the situation, in samples with
very low H content, BTI stress leads to tpassivation

of Si dangling bonds rather than the typically observed
depassivation, also consistent with the release of H inside
the oxide and the formation of Si-H bonds [44].

During BTI stress, an increase in noise has been observed
[45, 46], consistent with the creation of H-related defects
next to the channel. This noise can be considerably
reduced by a bake in accumulation, which moves the H
back towards the gate in a reverse reaction [11].

In the next subsection we will develop a mathematical
model consistent with the above observations. For this st ha

is very small as the vast majority of H is bonded, consistegf e kept in mind that the configurational flexibility of the
W|th expe_r!menta_l results where the qbservable conceairat g,/ system is enormous, in particular when hydrogen is
of interstitial H is below the experimental resolution fopgqeqd and the various reactions between hydrogen and defect
temperatures above 130K [32]. Also note that a S'gn'f'cﬁEFecursor sites are considered [41,47,48], not to mention

amount of H exists even in ‘ultra-dry’ oxides [41], making
an essential player in reliability considerations.
Such agate-sided hydrogen release mechanism has been

ydrogen-hydrogen reactions and reactions of hydrogeim wit
hydrogen complexes, e.g. defect sites with trapped hydroge
In this first modeling attempt, in order to keep the model as

repeatedly suggested in a number of different contexts 8ndsjmpje as possible, all reactions which createdd additional

consistent with several observations:

species are neglected. This includes the aforementioraed re

« In nuclear reaction analysis (NRA) it has been observéidon of H with hydrogen-passivated, centers,R,—H, which
that H is moved from the gate towards the channel durirggeates the notorioud, centers and releases HNhile it is a

stress and back during recovery [36].

well established experimental fact tHa centersare created

« The radical atomic hydrogen released from the gatliring NBTI stress andre the dominant ESR-active defect
side also provides the most plausible explanation for thgpe in SiQ systems [42], it is not clear whether these defects
otherwise puzzling observation [42] that during NBThlso form the dominant contribution t&vy,. Based on the
stress the strong Si-H bondEg = 2.5eV for the direct observation that thB, center signal saturates whitw};, keeps

removal of H [29,43]) are broken.

increasing, it has been suggested that non-ESR activetdefec
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can dominaté\Vy, [30], such as hydrogen related defects. This
is consistent with our recent single-trap data obtainechaatls

devices using similar experiments as in the present study, |
which P appears do be dominated by oxide traps [11]. Sc

while certainly not all possible reactions are includedhiist @@ \@

first version of the model explicitly, great care has beemitak

that the design of the model is compatible with experimenta () O — o
H Exchange H Exchange

findings and can be extended to include additional reactior.WR .  ranping Stes
. . . . eservoir elease Sites @————————* rapping Sites

to describe the second-order observations listed aboveeid n Stress
should arise. Fig. 3. A schematic view of the simple H-release model (in.1B)can

The cornerstone of our model is the recently made demcﬂ"?l trapped and the trapping sites are connected via lmtdehe interstitial

. . . _configurations. Redistribution of H in these configuratigdgfusion) is very

stration that according to DFT calculations hydrogen cal bi fast and not rate-limiting [32]. AT > 300°C, additional H can be exchanged
to Si—-O-Si bridges in amorphous Si@ven in defect-free with the reservoir, separated by &2V barrier (e.g. Si-H bonds [29, 43)).
structures [38,39], as has been suggested before based on
experimental data [23]. The only prerequisite for this tpjen

appears to be the presence of stretched Si—O-Si bonds, whic% h bet i t sites i deled
occur in abundance particularly close to the interfacegeN ydrogen exchange between aitierent Sites 1S modeled as a

that this is not the case in crystalline $iGvhere only the thermally activated hopping process with hopping rigie=

L I (i = koexp(—gEn/ksT). According to literature values for H
proton can bind in a stable manner to the bridging oxygen [49]! — "0~ . . .
Upon attachment of H to these stretched bonds, the H can g usion in S'Q’ Wh'Ch. give a prefactor oDy = 10 4cmz/§
up its electron to one of the Si atoms and bind to the O in Jand atyplzcal hopplngfillstance a)f:5n.m [53], we obtain
configuration similar to the well known protonic configuoati for_ko — Dn/a’ =4 x 1.083. - Together with the very small
Alternatively, the extra H can break one of the Si—-O bon&ctlvatlon energy for diffusionty :.0'188\/) [32]. th'.s re_sults
and form a hydroxyl group (~OH), which then faces th a very large value foky, meaning that redistribution of

dangling bond on the other Si, a configuration very simildPe detrapped H will be very fast and the precise value of the

to the familiarE’ center [50]. We have recently shown thafate |mmater.|al. In partlcular, the model result.s stay ‘.”a”y
unchanged if a uniform concentration &ke interstitial H

the properties of this so-called hydroxy! center are in good . )

agreement with the defects responsible for charge trap’ping!S used in the_ model. Overall, the response of the system
pMOS transistors [37], and thus for the recoverable compbnéS thus d_eterm|_ned _by the_ th_ermal rEIease of the trapped H
of BTI, R. Furthermore, since the H can be removed overoéler.barrlers with wujely .d'Str.'bl.Jted barrier heights, ahds
thermal barrier, leaving an electrically inactive defedqursor reaction- rather _than diffus on—I|m|teq. ,
behind, this defect appears to be consistent with the obdery " the following, the rate equations for the three different
volatility of oxide traps [40] as well. In a next evolutioyar 1 SPeciés (interstitial, trapped neutral, trapped posjtiare

step of these findings we suggest that the removal of H fro?Hmmarized. The temporal change of the interstitial H & sit

H Trapping + Charging

this defect-family (either directly from hydroxy’ centers or I'is given by

their non-bondbreaking variants) leads to H migration talsa OHi . . .

the gate and thus to the creationPof11]. This provides a very ot Z kit (Hi —Hj) — ZT"” ' @
promising H release mechanism to explain the experimental i : . o
observations listed in Section IlI-A. where the first sum runs over all neighboring sifesn order

to reduce the computational effort, one spatial inteedtgitei
_ is allowed to interact with several trapping sitessee Fig. 3.
B. Model Equations This is justified as the free hydrogeéhis in quasi-equilibrium
A simple model can be formulated in which the amorphowgross the oxide anyway. The corresponding trapping fiates
oxide is assumed to consist of discrete sitest which are given by
hydrogen can either occur in a neutral interstitial positio _— T 0 + 0
(Hy), in a trapped neutral configuratiokif), or in a trapped Tin = KotHi (Hmax— (Hin + Hip)) —kaoHin - (2)
positive configuration H;") as a “proton”. Note that this which describes the transition from the interstitial to the
protonic configuration exists in many more variants than theeutral trapped configuration via the r&tg and the transition
conventional proton bound to a bridging oxygen, as it carack via the ratek;o for each trapping sitg(i,n). These
also break the bond and lead to the formation of hydroxydtes are modeled using simple Arrhenius laws with widely
(—OH) groups and the puckering of the now detached Si atatfistributed barrier&g; andEzq. Also, each interstitial position
[38, 39]. These variants are required to explain the re@hler is allowed to harbor an infinite number of hydrogen atoms, a
componenR [51] but are for now not further considered heremodeling simplification justified by the very low conceninat
Since only a small number of H atoms will be allowedf free atomic hydrogen and the fact that two hydrogen atoms
to trap at a particular sitg the model will be expressed inin the same interstitial position would dimerize t@ Enyway,
absolute numbers rather than in concentrations;iSogives an aspect currently not considered in the model. At each
the absolute number of trapped and positively charged Hstotrapping site(i,n), however, only a certain number of trapped

at sitei, or — to be more precise — its expectation value [52hydrogen is aIIowedHi‘?n + Hifn < Hl.. expressed by the



Hax— (H, +H;,) term in the model. —
The temporal change in the number of neutral and positive m 7. 300C
trapped hydrogen atoms is given by (indaxomitted for B Siuiuiaininiaiate ¥ a0t
readability reasons) 10—{ 2l .
gL 0
dH-O 0 + = L x|3 S Tmeas =200°C
d—tl :7k12Hi +k21Hi +TI ’ (3) lg; .' : E) g stresszov
OHT 0 a® sk
d—tl = kioHP —katHi" . (4)
The transition ratek;, from the neutral to the positively
trapped state and the backward transitiea are modeled ole Avﬁaxerfc(%y‘/@) .
using standard non-radiative multiphonon theory [51] agai TP TP TN T B

with widely distributed relaxation energies. 0 ° 1°Time 1[(5,ays] 20 %

Finally, in order to explain data acquired &t> 300°C,
we assume that in close proximity of the gate stack thereFig. 4. Devices drift slowly even at 0V "stress”. This effezan be more
addiional hydrogen available bound in a reservei It has _S2slY sharacterzed at N Tne degradation el saturtes ot a few
been suggested many times that hydrogen trapped in high&f defects are created and saturation occurs at a higher lénes: simple
layers of the gate stack (poly-silicon and metalizationiy canodel based on normally distributed “effective” activatienergies [55].
have a significant impact on gate stack reliability [35, 38,5

In our model we assume that this hydrogen is allowed to enter

the oxide at the gate side over a thermal barrier accordingd4gfects are created. During stress at “€0the degradation
oM saturates after 3 days. However, in the subsequent strasg ph
R

=R —KroHR + korHi (5) at—15V/350°C, a massive amount of new defects is created,
ot which are consistently modeled by a release of H from the
for selected sitesat the gate/oxide interface. Since H redistrireservoir.
bution is very fast, the precise choice of interaction sitees ~ The HR model can explain all these observations very well,
not matter as the reaction is dominated by the large thernaglk |ines in Fig. 5 (shown with and without coupling to the
barrier (25eV) and triggered whenevét; at the interface is reservoir). In particular, the H released from the reservoi
lower than the equilibrium value. This will happen duringan explain the additionally created defects at higfier
stress, when H at the interface is neutralizé" (= H"), This experiment is analyzed in more detail in Fig. 6: in the
released over the barrieiHf = H;), and transported from site first degradation phase trapped protons at the gate side are
i to another sitg closer to the channel sidéf(=- Hj), where very slowly neutralized following a nonradiative multipan
it now can become trapped at the changed bias conditigigcess [51,56,57] and eventually released over a disédbu
(Hj = H = H]) barrier with mean BeV [38,39]. The released Hcan now
At the beginning of the simulation, a certain amount dind previously unavailable trapping sites at the channd si
hydrogen is placed into the oxide and reservoir (on the ordgfid become charged. With increasing stress time, the H
of 10*%cm~2 [32]) and allowed to redistribute by determiningcentroid thus moves from the gate to the channel side of
the stationary solution of the problem. Note that the ihitla the oxide, in agreement with experimental NRA data [36].
distribution between the reservoir and the oxide as welhas tFig_ 7 shows the increase in trapped H due to the release from
spatial distribution in the oxide will depend on the applie¢he reservoir. These newly created H-related defects appea
gate bias. While this could be used to emulate the initial [dentical to the preexisting ones and are more likely to be
distribution after processing, the precise processinglitioms positively charged at-1.5V than 0V.
are not too well defined, so currently a gate voltage of OV is |n the next long-term experiment, see Fig. 8, bias stress at
applied. 350°C is avoided to clarify whether new defects are created
predominantly during stress or recovery. As can be seen
IV. 'RESULTS AND DISCUSSION during the 300C stress in Phase H, defect creation was also
At first, the surprisingiVi, shift atVg =0V is studied in very efficient during the preceding recovery in Phase G. The
more detail, see Fig. 4. While at 250 and 300the shift simulated H profiles are shown in Fig. 9, clearly highliglgtin
of about 5mV is consistent with a collection of normallyhow H is moved back and forth inside the oxide. Also shown is
distributed first-order processes [51], at 360an about 2.4 the increase of the H concentration by the interaction with t
times higher drift is observed, which we interpret as theeservoir even during recovery at 0V/3®0 Interestingly, in
creation of additional defects. This implies that the ppegly Phases D and F{1.5V/300°C), the degradation is partially
suggested method [13,14] to restore a device to its pristireversed, an effect not yet covered by the model.
state using a bake at 350/4@has to be used with care. In the final measurement of Fig. 10, 3%D is avoided
Next, a device is cycled between 0 ard.5V at various altogether. The saturation during thel.5V/250°C stress
T, see Fig. 5. In this first experiment, the device is initiallfPhase B) is well observable together with a reversal of
and between the stress phases annealed at 0%Z35@8s degradation at higher readout voltages. This reversaltigeto
already anticipated in Fig. 4, even during this anneal &mttil  fully understood but appears to be due to defects with higher
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Fig. 6. H profiles to Fig. 5:
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energy levels which are annealed during stress. As can Ipe siaev with an attempt frequency of =10'3Hz, we obtain for

in the subsequent stress phase D, once defects are losy dutlie mean time constant= v—exp(—gEa/kgT) about 190

this degradation reversal, they can no longer be charged. days at 350C, which is within reach of our experimental
Summarizing these observations, our model suggests ta#iorts, and about 30 years at 3@ Naturally, under regular

at temperatures lower than 3@ the build-up ofP is the operating conditions this process is completely irrelévas

consequence of H being moved towards the channel, whil25°C) ~ 6 x 10Plyears, but it is fundamental for the cor-

the recovery ofP would be due to the inverse process. Theect interpretation of accelerated high temperature dkegien

creation of additional defects @t> 300°C, on the other hand, data. This newly released H can now go into previously

is modeled by H released from a reservoir over®eX barrier inaccessible precursor sites at different bias conditiGmze

(close to the Si-H binding energy [43]), see Fig. 2(D). Ththe H is in the oxide, the newly created H-defects are difficul

effect of the additional hydrogen reservoir is determingd do anneal and act as regular defects also at |ower

the relatively high barrier of BeV, which essentially “turns

on” H release when the temperature is changed e.g. from

300°C to 350C: assuming the process to follow an Arrhenius
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V. LINK TO PREVIOUS MODELS We have previously extended Huard’s model to also consider
During standard BTI degradation @t < 300°C, the HR recovery of the “permanent’_’ component [55_, 58]. The main
model will behave similarly to the first-order reaction-iied difference in the HR model is t.hat thg effective forward. and
model proposed by Huaret al. [17]. The most important bgckward rates gnmcorrelated, since different precursor sites
difference will be in the interpretation of the effectivetiaa- will be responsible for degradation and recovery, constste

tion energies and the bias-dependence of the model: wtldle YH'th experimental data.
empirical model of Huard is based on a dipole-field-inteoact

of the barriers, the bias-dependence of the HR model will
be essentially determined by the active areas of the oxideUsing new long-term data we have carefully validated our
where defects can change their charge state [51]. While fareviously suggested hydrogen release model which akse tri
higher stress fields these models will be very similar, the Hie reconcile a number of puzzling observations inconsisten
model is more accurate at lower voltages (use-conditions)ith available models. In this model, H is slowly released at

VI. CONCLUSIONS



the gate side to hop quickly towards the channel side of thig] A. Katsetos, “Negative Bias Temperature InstabilityB(TI) Recovery

oxide, thereby increasingViy,. As a side effect, this model
naturally explains the depassivation of Si-H bonds as w

Py

as the passivation of channel dopants, the increase/decrea

of noise during stress/recovery, as well as the sensitvity

the permanent component to the H concentration introdudéd

during fabrication. Previously suggested reaction-kditmod-

els will be special cases of the HR model valid at largi@6]
fields but lower temperatures. Finally, the HR model can

correctly describe high-temperature data through cogpin

[17]

a H reservoir. While this coupling will be unimportant at

use-conditions, the HR model thereby allows for a corre
extrapolation from high temperature data.
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