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I. I NTRODUCTION
Many recent publications dealing with the negative bias temperature instability (NBTI) have suggested the existence of a recoverable
component observed on top of a slowly recovering or even permanent
component [1–4]. Often, the recoverable component is attributed to
hole trapping while the permanent component is explained by the
creation of interface states [1]. We have recently pointed out a serious
problem with the interpretation that two independent components
result in the overall degradation observed during NBT stress [4, 5].
This is because these two components should have a different voltage
and temperature acceleration, allowing for their separation by the
application of a suitably chosen combination of stress temperatures
and voltages. Quite to the contrary, however, we have observed
[4–7] that NBTI data at various stress and relaxation times, broad
ranges of stress voltages and temperatures, and a broad range of
technologies (ultra-thin SiON, high-k, ultra-thick SiO2 ) can often be
made to overlap via multiplication by a suitably chosen scaling factor.
This very broad scalability cannot be explained by any established
model [4] but implies that NBTI is either due to a single mechanism
(which then would have to be able to explain both the recoverable
and the permanent contributions) or due to two tightly coupled
mechanisms. We suggest a model that captures this behavior during
both stress and recovery and explain why previous modeling attempts
fail in doing so.
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We characterized SiON pMOSFETs (EOT = 1.4 nm) using the
extended MSM scheme (eMSM) [3, 8], which acquires data in
alternating on-the-ﬂy (OTF) and relaxation sequences using a wide
range of stress voltages (−0.6 V . . . −2.0 V) and stress temperatures (25 ◦ C . . . 200 ◦ C). The recorded OTF degradation in IDlin was
converted to ΔVthOTF using the simple expression ΔVthOTF ≈ (VG −
Vth0 )(ID − ID0 )/ID0 [9, 10]. It is now understood that ΔVthOTF is
contaminated by mobility variations and the error in the initial drain
current already determined at stress level, ID0 = ID (t0 ) [11–13].
Correction schemes for these errors have been suggested [13, 14], but
are still open to rigorous justiﬁcation. During model development,
the impact of ID0 can be easily accounted for by subtracting the
simulated ΔVth (t0 ) from the overall simulation result. The impact
of the mobility variation, however, remains unclear at the moment.

33

04
10

Fig. 1: Degradation of the drain current collected during consecutive stress
sequences. The stress temperature was varied at a ﬁxed stress voltage of
−2 V. The unscaled data initially follows a logarithmic time dependence while
the long-time data may be approximated by a power-law with the exponent
n = 0.11. The slope of the initial log shows clear temperature activation while
the power-law exponent is roughly temperature-independent. Multiplication of
each data set with a constant value results in a nearly perfect overlap. The
scaling factors are independent of stress time, indicating that the initial log
and the long-time power-law behavior are due to a related process.

Nonetheless, we will take the uncorrected ΔVthOTF as an indicator
for the overall degradation and assume that ΔVthOTF contains the
correct information regarding the time dynamics but may potentially
be affected by an unknown error in amplitude [13].
As has been observed previously [1, 4, 6, 15, 16], for short stress
times (ts  1 s, depending on the stress condition) the initial degradation phase is well described by a logarithmic time-dependence (see
Fig. 1 for a typical example),
ΔVthOTF (ts ) = Bs (F, T ) log10 (ts /t0 ),

II. E XPERIMENTAL O BSERVATIONS
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Abstract— Based on the established properties of the most commonly
observed defect in amorphous oxides, the E  center, we suggest a coupled
two-stage model to explain the negative bias temperature instability. We
show that a full model that includes the creation of E  centers from their
neutral oxygen vacancy precursors and their ability to be repeatedly
charged and discharged prior to total annealing is required to describe
the ﬁrst stage of degradation. In the second stage a positively charged E 
center can trigger the depassivation of Pb centers at the Si/SiO2 interface
or KN centers in oxynitrides to create an unpassivated silicon dangling
bond. We evaluate the new model to experimental data obtained from
three vastly different technologies (thick SiO2 , SiON, and HK) and obtain
very promising results.

(1)

with t0 being the delay of the ﬁrst measurement point. The pre-factor
during stress, Bs , gives the increase in ΔVthOTF in volts per decade in
time and depends on the stress ﬁeld F and temperature T .
The recovery phase, on the other hand, may be ﬁt by [1, 17–19]
ΔVth (ts ,tr ) = Br (F, T ) log10 (1 + ts /tr ) + P(ts ),

(2)

where P is a roughly permanent contribution depending on the stress
time only and is possibly due to interface states [17]. Again, the
pre-factor Br gives the recovery rate in volts per decade in time.
Before developing our model, we brieﬂy summarize some key
experimental observations obtained by the eMSM technique, which
provide important insights regarding the dynamics of NBTI. In
particular, they can be used to effectively rule out a number of
alternative models as will be shown later.
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Fig. 2: Recovery of the threshold voltage shift at different temperatures,
voltages, and stress times, for three completely different gate stacks, ultrathick SiO2 , ultra-thin SiON, and HK. A similar scalability as during stress
is observed during recovery for all technologies. All data sets show good
temperature and voltage scalability and thus do not support the idea that
NBTI is a consequence of two independent mechanisms.

A. Scalability
The data recorded using the eMSM scheme can often be made
to overlap by multiplication with a suitably chosen scaling factor.
While the initial behavior up to about 1 s is well approximated by a
logarithmic time dependence and the long-term data approximately
follows a power-law, the same scaling factor can be used in both
regimes, see Fig. 1. A similar scalability is observed during recovery,
see Fig. 2 which, to ﬁrst-order, follows a logarithmic time dependence. We remark that there is an excellent correlation between the
scaling factors required during stress and recovery [6].
B. Bias and Temperature Dependence of Stress
Following the previously suggested idea that the initial degradation
is dominated by hole trapping while the long-term degradation is due
to interface state creation, we focus on the initial degradation phase
to obtain some more information on this alleged ’hole trapping’ component. We thus subjected devices to short stresses of 2 s and let them
recover for about 3000 s, see Fig. 3. For what is typically considered
NBTI stress in this oxide thickness range (Vstress ≤ −1 V), the prefactor Bs can be roughly approximated as Bs (F, T ) ≈ Bs,0 T Θ F 2 , with
Θ ≈ 2. We remark that the power-law temperature dependence is also
well approximated by an Arrhenius law with EA ∼ 70 meV.
C. Asymmetry Between Stress and Relaxation
It has been long understood that recovery takes substantially longer
than the time used to build up the degradation. This is shown in
Fig. 4 for a typical stress temperature of 125 ◦ C. Using the extracted
pre-factors Bs (ﬁt to a log in the range 1 ms . . . 1 s) and Br (ﬁt to a
log in the range 1 ms . . . 100 ms) we observe that the ratio Bs /Br is
about 2.5, independent of temperature and voltage. For example, if
one observes during degradation a rate of 10 mV/dec, recovery will
proceed with only about 4 mV/dec. The exact value of Bs /Br depends
on the mobility error in Bs but this has no bearing on the fact that
stress and recovery are asymmetric. Although this asymmetry may
look quite innocent at a ﬁrst glance, it turns out to be a considerable
challenge for any modeling attempt.
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Fig. 3: PMOSFETs with EOT = 1.4 nm are subjected to various stress voltages
and temperatures for 1 s. The degradation follows B log(ts /t0 ), with t0 = 1 ms
being the ﬁrst OTF measurement point. Contrary to the predication of elastic
tunneling theory, the prefactor B strongly depends on temperature (T 2 ) once
a critical oxide ﬁeld is reached (top). Also, the ﬁeld dependence can be well
approximated by F 2 , with F ∼ V −Vth (bottom). We conclude from the fact
that the data are scalable in the whole bias and voltage regime even for larger
stress times [6] where defect creation becomes important (ts = 105 s), that we
are dealing with a single, two-stage process. We rule out elastic tunneling due
to its lacking temperature dependence.

D. Bias Dependence of Recovery
Recovery has been shown to depend on the bias voltage applied
during recovery [1, 5, 8, 19]. In particular, application of positive bias
accelerates recovery. This has been explained by the bias-dependence
of H+ drift [8] or the bias-dependence of hole-detrapping via valence
band and interface states [1]. However, just as the asymmetry, this is
also challenging to reproduce correctly by a quantitative model.
III. P REVIOUS M ODELING ATTEMPTS
Although it has been widely acknowledged that both interface
states and trapped holes can contribute to NBTI, the exact details on
how this should occur are highly controversial. The vastly different
microscopic explanations that have been suggested will be quickly
summarized in the following.
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Fig. 4: Left: Asymmetry of stress and recovery measured at 125 ◦ C for 8 different stress voltages. The recovery is considerably slower than the degradation.
Right: The complete data set using 8 different stress temperatures and voltages. When the data is ﬁtted to Bs log(ts ) and Br log(tr ), the ratio Bs /Br is roughly
independent of the stress voltage and temperature and about 2.5, particularly for data recorded with higher stress conditions which decreases the noise. The
dotted lines are averages over all temperatures for each stress voltage.

A. Interface States Only
In the simplest case NBTI would be due to a single mechanism
only. One prominent example is the reaction-diffusion (RD) theory
which claims that only interface states are responsible. However, it
has been clearly shown that the RD theory and the various extensions
proposed over the years can only explain constant bias stresses
while they fail to explain the dynamics (recovery, bias dependence
of recovery, duty-factor dependence, etc.) [2, 4, 15]. Furthermore,
published data on the recovery of charge-pumping (CP) signals
seem to indicate that interface states show only marginal recovery
compared to the recovery of ΔVth [1, 20].
Data acquired by the recently suggested on-the-ﬂy charge-pumping
technique (OFIT), which tries to minimize the measurement-induced
recovery by using the CP base-level as a stress voltage [21], suggested
that also interface states can show fast recovery. Consequently, a
single mechanism model based on interface states only appeared
feasible and we have recently suggested such a model [5]. The model
is derived using a suitable generalization of dispersive bond breaking
already used previously for the creation of interface states [1, 22].
Although the resulting triple-well model can reproduce complicated
stress/relaxation sequences with very good accuracy, it requires a
large and (as it now seems) nonphysical variance in the hydrogen
binding energies in order to reproduce data recorded in a larger
temperature and voltage range such as used in this study. Furthermore,
our theoretical and experimental study of the OFIT technique suggests
that fast recovery of interface states may be an artifact of the
method and requires correction [23]. We conclude from this that the
microscopic assumptions underlying the triple-well model are likely
not correct. Nonetheless, the mathematical structure of the model can
be retained in the following.
B. Hole Trapping Models
Hole trapping is often modeled using elastic tunneling into preexisting traps located at various distances away from the interface.
Depending on the distance, an exponentially increasing time constant
is obtained, which, at least in thicker oxides, could explain the
large spread of time constants observed in NBTI. However, elastic
hole trapping is to ﬁrst-order temperature independent and linearly

35

dependent on the stress ﬁeld [24]. Furthermore, the model predicts
Bs ∼ Br , that is, symmetric degradation and recovery behavior. As
such, this is incompatible with our data.
C. Combination of Hole Trapping and Interface State Creation
Two variants of combined hole trapping and interface state creation
are commonly used: (i) initial hole trapping which quickly saturates
(within about 1 s) and long term degradation dominated by interface
state creation according to the RD theory [25]. We rule out this
variant based on the various known shortcomings of RD theory [2,
4, 15]. (ii) Trapped holes are responsible for the recoverable part of
the degradation while interface states form a permanent contribution
[1]. We also rule out this variant due to the shortcomings of elastic
tunneling and the lack of scalability [4]. (iii) Alternatively, it has been
speculated that holes can be trapped into newly created defects [26,
27]. Although the details behind the responsible process have only
been schematically outlined, they appear broadly consistent with our
own observations and the detailed physical model suggested in the
following.
IV. H OLE T RAPPING P ROCESS
Since the corrected OFIT data do not indicate fast recovery of
interface states [23] and elastic hole tunneling also cannot explain
the data, we have to look for an alternative explanation. Of particular
interest are hole trapping models that have been applied since the
1970s in attempts to understand 1/ f -noise and thermally stimulated
currents at semiconductor surfaces [28, 29]. Just like the triple-well
model, these models are also based on a dispersion of activation
energies but require very large variances in order to reproduce for
instance the 1/ f behavior. In these models it is assumed that holes can
be captured via a (thermally activated) multiphonon emission (MPE)
process into deep near-interfacial states/border traps [24, 29–31], for
instance into oxygen vacancies (E  centers) [29]. The MPE process
differs from the conventionally invoked elastic tunneling process,
notably due to its temperature activation and the larger time constants
resulting therefrom [30].
Unfortunately, a trapping model based on the MPE process would
still have a linear ﬁeld dependence in contradiction to our data.
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Fig. 5: The multiphonon-ﬁeld-assisted tunneling (MPFAT) process used to
explain the experimental data: elastic tunneling into deep states is only allowed
when the excess energy of holes can be released via a multiphonon emission
process during structural relaxation. The probability for a thermionic transition
over the barrier ΔEB has been estimated as exp(−β ΔEB ) using 1D reactioncoordinate calculations [30, 33], with β = 1/kB T . Application of an electric
ﬁeld shifts the total energy of the valence band state (dashed line), increasing
the transition probability by exp(F 2 /Fc2 ) [32, 33].

In order to resolve this issue, we have to recall that the MPE
mechanism is derived under the assumption of negligible electric
ﬁelds. This assumption is deﬁnitely violated in the case of NBTI.
An extension of MPE to the large electric ﬁeld case has already
been developed for the emission of particles from deep traps and
has become known as multiphonon-ﬁeld-assisted tunneling (MPFAT)
[32, 33]. The signatures of this mechanism are its exp(F 2 /Fc2 ) ﬁeld
dependence (note that only the logarithm of the enhancement factor
enters B) and a considerable temperature activation (from the MPE
process). The MPFAT process is schematically illustrated in Fig. 5:
a hole can either be in the valence band or in a trapped state.
These two states are represented by the two solid parabola which
give the total energy of the system. The vibrational modes can be
approximated using a simple oscillator model and at the intersection
point a transition can occur. The intersection point determining the
barrier ΔEB is dramatically lowered by the application of an electric
ﬁeld, resulting in an enhancement of exp(F 2 /Fc2 ).
V. P ROPERTIES OF THE E  C ENTER
In order to develop an accurate microscopic model for hole
trapping in the context of NBTI, we summarize the most important
features collected in a long line of studies on oxide defects providing
a solid basis for our NBTI model.
•

•
•

•

The most likely microscopic candidate for the ’trapped hole’ are
defects from the E  center family, most notably the Eγ center
[34, 35]. An Eγ center is thought to be created when a hole is
trapped in the precursor structure, which is commonly assumed
to be a neutral oxygen vacancy (a Si–Si dimer inside the oxide).
The energy level for hole trapping is roughly located at about
1 eV below the Si valence band [34], see Fig. 6.
Once the silicon bond is broken, the distance between the two
silicon atoms increases into a new equilibrium position, which
requires a large-range structural relaxation of the surrounding
lattice (10 Å [36]), and an Eγ center is obtained. The Eγ is visible
in ESR (electron spin resonance) when positively charged, that
is, right after hole capture.
An important peculiarity about the Eγ center is that it can be
repeatedly charged and discharged. The corresponding energy
levels lie within the silicon bandgap [34]. The idea behind this
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•
•
•

cyclability is that once the hole is emitted (that is, an electron
is captured), the bond between the two silicon atoms does not
fully reform but the defect remains in a dipole state which can
easily lose an electron again. The fact that the E  center can
act as a switching trap has been suggested by Lelis et al. [37]
based on electrical measurements who then suggested the HarryDiamond-Laboratories (HDL) model. This was later conﬁrmed
by ESR studies [38] and theoretical calculations [39], see Fig. 7
for a schematic representation. In [40] it has been suggested
that in order to create a stable E  conﬁguration from an oxygen
vacancy, the doubly positive conﬁguration could be important.
Only after having been in its electrically neutral state for a while,
the structure relaxes again to the initial dimer conﬁguration and
the defect is completely healed.
The Eγ is often considered a donor-like defect [34], that is, it is
either neutral (ESR inactive) or positively charged (ESR active).
The oxygen vacancy can also act as an electron trap, with a trap
level close to the silicon conduction band [39, 40].
Due to the amorphous nature of the interfacial layer, a considerable broadening of the energy-levels is to be expected. For
instance, theoretical calculations give a spread of about 1.5 eV
for the precursor level and a Si–Si bond-length variation from
2.3 Å to 2.7 Å [36].

The above summary bears some important and interesting consequences regarding our understanding of NBTI:
•

•

•

•

•

•

So far, hole trapping has been mainly considered as being into
pre-existing traps which rapidly ﬁll but are not related to the
actual NBTI mechanism, a somewhat parasitic component which
has to be removed to get to the heart of NBTI [10].
Using CV measurements, NBTI has been shown to be due
to donor-like defects [10, 41, 42]. Models based on the RD
theory claim that NBTI is dominantly due to the creation of
interface states, which are Pb centers. However, Pb centers are
amphotheric, that is, donor-like only in the lower half of the
silicon band-gap but acceptor-like in the upper half [43]. The
Eγ center, on the other-hand, is a donor-like defect [34].
NBTI recovery is strongly bias-dependent, in particular when
the gate voltage is moved from inversion into accumulation [8].
This is intuitively consistent with carrier trapping [27].
Describing hole trapping via the known properties of the E 
center promotes the positive oxide charge component from a
purely parasitic component to the central contributor to NBTI.
Indeed, as will be shown in the following, some key experimental features of NBTI which are incompatible with the Pb
center and simple hole trapping models follow directly from the
properties of the E  center.
The amount of positive charge visible and thus contributing to
ΔVth will depend on the position of the Fermi-level, that is, the
gate voltage at which the degradation is monitored. For example,
during OTF experiments, the Fermi-level is below the valence
band edge and most defects will be positively charged (state 2
in Fig. 7) and thus visible. During recovery, the Fermi-level is
moved towards mid-gap and a smaller fraction of the defects
will be positive and visible. This occupancy effect will manifest
itself as a change in the subthreshold slope, and is consistent
with recent experimental results [16, 27, 44, 45].
Since full annealing of oxide defects is only possible when the
defect is neutral (state 3), defects having an electrically higher
trapping level will show a slower recovery rate. Indeed, as will
be shown, this is fully compatible with what is observed during
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•

•

NBTI recovery and explains the often observed bias dependence.
Furthermore, this can explain the asymmetry between stress and
recovery, with the recovery lasting considerably longer than the
time required to build up the degradation.
The fact that the precursor level is below the valence band
and the defect level within the silicon bandgap is precisely
what is expected of a defect responsible for NBTI. A higher
energy level of the precursor, e.g. above the valence band,
would cause most precursors to be already initially broken in
PMOSFETs. The energy level of the created defect inside the
silicon bandgap results in most defects to be positively charged
(a donor-like defect) during both stress and recovery. A lower
defect level would render the defects electrically neutral and thus
not contributing to the threshold voltage shift.
After NBTI stress an increase in 1/ f noise has been reported
[46, 47]. The prime suspect for 1/ f noise are the E  centers [29,
39], while Pb centers do not create a suitable 1/ f spectrum.
E

Although an extensive amount of literature is available on the
center and its qualitative behavior is well understood, no rate-equation
based model that spans the full cycle of trap creation, recharging and
discharging until ﬁnal annealing seems to be available. As we will
demonstrate in the following, however, for NBTI a full model is
required in order to account for the asymmetry between stress and
relaxation and the correct bias dependence of recovery.
VI. A T WO S TAGE M ODEL
Based on the above observations we formulate a new model for
NBTI, where defect creation proceeds via a two stage process: In
stage one, upon application of stress, holes can be trapped into nearinterfacial oxygen vacancies via the MPE/MPFAT mechanism. In the
second stage, the increased hole concentration considerably enhances
the creation of poorly recoverable defects, e.g. Pb -centers in SiO2
layers and KN -centers in oxynitrides [48]. We remark that such a twostage process is the standard assumption for defect creation following
irradiation [49]. The total threshold voltage shift is thus given by
ΔVth (t) = −

ΔQox (t) + ΔQit (t)
.
Cox

(3)

In the following, detailed microscopic models for ΔQox and ΔQit are
developed.
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Fig. 7: The HDL model for a switching oxide trap. Initially, a neutral
precursor exists (state 1). Upon hole capture, the Si–Si bond breaks and a
positively charged Eγ center is created (state 2). Hole emission (electron
capture) neutralizes the Eγ center (state 3). Being in state 3, two options
exist: a hole can be captured again, causing a transition to state 2, or the
structure can relax back to its equilibrium conﬁguration (state 1).

A. Complete E  Switching Trap Model
Our full model for the E  switching trap relies heavily on the
HDL switching trap model [37]. We start our derivation with a
generalization of the lattice-relaxation multiphonon emission (MPE)
theory for phonon-assisted capture of holes and electrons [24, 30, 50]
by including a depth dependence and MPFAT ﬁeld acceleration [32,
33]. We remark that although the ﬁnal equations are formally equivalent to the familiar Shockley-Read-Hall equations, the underlying
microscopic assumptions differ [24].
Consider a trap level ET located at a distance x away from the
interface. The hole capture and emission rates are then approximately
given by
−x/x p,0 −β ΔE
e
θ (EVT , e−β EVT , 1) eF
kcp = p vth
p σp e

kep

=

−x/x p,0 −β ΔE
p vth
e
θ (EVT ,
p σp e

−β EVF

e

2

/Fc2

−β ETF

, e

),

,

(4)
(5)

while the corresponding rates for electrons read
−x/xn,0 −β ΔE
knc = n vth
e
θ (ETC , e−β ETC , 1),
n σn e

kne

−x/xn,0 −β ΔE
= n vth
e
θ (ETC ,
n σn e

−β EFC

e

β ETF

, e

(6)
).

(7)

Here, p and n are the hole and electron
 concentrations in the channel,
th
vth
p and vn their thermal velocities ( 8kB T /(π m)), σ p and σn their
capture cross sections (∼3 × 1014 cm2 [51]), EF the Fermi-level in
the channel, EV and EC the valence and conduction bands directly
at the interface (classical approximation), ΔE the MPE barrier, and
β = 1/kB T . Fc is the reference ﬁeld for the multiphonon-ﬁeldassisted tunneling mechanism which is, due to lack of decisive data,
only introduced for hole capture. According to a simpliﬁed
√ WKB
approximation for large tunneling barriers φ [24], x0 = h̄/(2 2mφ ),
xn,0 = 0.8 Å for electrons (φC ≈ 3.2 eV and m ≈ 0.5m0 ) and x p,0 =
0.5 Å for holes (φV ≈ 4.65 eV and m ≈ 0.8m0 ). Furthermore, we use
the shorthand EAB = EA − EB and the auxiliary function

a Eswitch ≥ 0
(8)
θ (Eswitch , a, b) =
b Eswitch < 0
to account for the fact that thermal activation is required for hole
capture into a trap below EV while capture in a trap above EV
proceeds without activation (the hole ’bubbles up’), and vice-versa
for electrons.
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Fig. 8: Qualitative degradation and recovery behavior predicted by our E  center model. Slightly artiﬁcial parameter values with a narrow distribution for
ΔEB where used to distinctly contrast the change in occupancy (transition from state 2 to state 3) versus true annealing (transition from state 3 to state 1).
Left: The model can predict the asymmetric behavior during stress and recovery. In the above example, Bs /Br ≈ 2.5 is obtained, just like in the real data of
Fig. 4. Right: The model can predict the strong bias sensitivity during recovery. Dotted lines give the number of oxide defects (state 2 and 3), while the solid
line corresponds to the positively charged center (state 2 only).

Based on the above rates, the rate equations describing the HDL
switching trap are straight-forward to set up. Regarding the rates we
take the simplest possible case that can capture the currently available
data. We assume that when the defect is in state 1 the trap energy
lies at ET , has a MPE barrier of ΔEB , and a MPFAT reference ﬁeld
Fc . When in state 2 and 3, the defect level is assumed to be at ET
with a small charging/discharging MPE barrier ΔEC . Although the
barrier ΔEC is expected to be considerably lower than the barrier
ΔEB , it is responsible for the E  centers to act as ’slow states’ in
CP measurements. Nonetheless, for the data investigated here, ΔEC
can be neglected. We also neglect the MPFAT mechanism for charging/discharging since our data taken to sense these characteristics are
recorded at relatively low ﬁelds. Transition from state 3 to state 1
(full annealing rather than electrical neutralization) proceeds over a
barrier ΔEA .
The rate equations describing the transitions between the three
states then read

∂ f1
= − f1 k12 + f3 k31 ,
∂t
∂ f2
= + f1 k12 − f2 k23 + f3 k32 ,
∂t
∂ f3
= + f2 k23 − f3 k32 − f3 k31 .
∂t

(9)

conventional stress and recovery voltages the contribution of electrons
is negligible. Only for positive bias which is applied in some of
our recovery experiments they provide a signiﬁcant contribution and
impact the recovery dynamics, see Fig. 8.
In order to describe the response of a device to a change in the
bias conditions, a certain number of defects N is assumed to exist.
Due to the amorphous nature of the Si/SiO2 interface, each defect
will be described by a unique conﬁguration of random variables X =
(x, ET , ET , ΔEA , ΔEB , ΔEC ). The joint probability density function is
given by g(X) and macroscopically observable quantities will be
given by suitable averages
m =N



d X m g(X).

(16)

For instance, the total positive charge contributing to ΔVth is then
given by the statistical average over the E  centers being in state 2,
that is, positively charged, and we obtain
Qox (t) = q (1 − x/tox ) f2 (t) ,

(17)

(10)

with tox the oxide thickness, and ΔQox (t) = Qox (t) − Qox (0). The
total number of oxide traps is given by all the defects not being in
state 1 (the precursor state) and is simply

(11)

Nox (t) = 1 − f1 (t) .

The probability of being in state i is given by fi while the transition
rates from state i to j are given by ki j . Naturally, (9)–(11) are not
linearly independent since the defect has to be in one of its three
states ( f1 + f2 + f3 = 1). Being a linear equation system, solution of
(9)–(11) is straight-forward. The rates read as follows
k12 = kcp (ET , ΔEB , Fc ) + kne (ET , ΔEB , Fc ),

(12)

k23 = kep (ET , ΔEC , 0) + knc (ET , ΔEC , 0),
k32 = kcp (ET , ΔEC , 0) + kne (ET , ΔEC , 0),

(13)

k31 = ν exp(−β ΔEA ),

(15)

(14)

where the shorthand k(trap level, MPE barrier, MPFAT reference
ﬁeld) is used and ν ∼ 1013 Hz is the typical attempt frequency for
thermal transitions over energetic barriers. We remark that under
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(18)

In order to keep the model as simple as possible, we will assume
g(X) to be given by independent homogeneous distributions in every
variable, unless otherwise noted.
As the recovery in our ultra-thin and ultra-thick oxides looks
basically the same, we conclude that the observed dispersion in
time constants is primarily a property of the Si/SiO2 interface.
Consequently, the depth dispersion will be neglected (x ≈ 0) to further
simplify the model and thus Qox = q f2 . Naturally, a variation in
x will exist in reality, however, at the moment it does not appear
necessary to include it into the model to explain our data.
Two interesting aspects of our E  center model are demonstrated in
Fig. 8. First, it can predict asymmetric logarithmic stress and recovery
behavior. Second, the model predicts a strong sensitivity to positive
bias during recovery: Initially (tr < 10−15 ), after the stress bias is
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Fig. 9: Left: The HDL model for a switching
oxide trap coupled to the creation of a dangling
bond at the interface. When the E  center is
positively charged (in state 2), the hydrogen passivating a silicon dangling bond at the interface
can move to the E  center, thereby effectively
locking in the positive charge (state 4). The
charge state of the thereby created dangling
bond depends on the position of the Fermi-level.
Bottom: The transition between state 2 and 4 is
modeled by assuming a ﬁeld-dependent thermal
transition over a barrier.
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switched to the recovery voltage, most defects are positively charged
(state 2) and nothing changes. Then, depending on the position of the
Fermi-level during recovery, a possibly signiﬁcant number of defects
are electrically neutralized in the pico- and nano-second regime. In
particular for positive bias, electrons from the conduction band cause
a fast change in occupancy. It is important to realize that although
the amount of visible positive charge can be small, the defect is
not yet annealed and still there (not in state 1). With the artiﬁcially
narrow distribution of ΔEB used for demonstration purposes, real
recovery only sets in at 10−3 with the recovery being fast when most
defects are neutral (positive gate voltage) and slow when most defects
are positive (negative voltage). With more realistic parameters, these
transitions are blurred.
B. Coupled Interface State Generation
Once a hole has been trapped in the oxygen vacancy, a positive E 
center is obtained. One half of the E  center is an unpassivated silicon
dangling bond (DB). We now follow the arguments of Lenahan [35]:
assume that in an unstressed device a certain number of hydrogen
passivated Si DBs at the interface exist. During stress, unpassivated
Si DBs right next to the interface are created in the form of the E 
centers. Using simple thermodynamical arguments it can be shown
that the depassivation of interface DBs by the migration of hydrogen
to the newly formed DBs at the E  center is energetically favored.
Contradicting evidence is available regarding what could happen to
the hydrogen now residing at the E  DB. Often, a 1:1 correlation
between ﬁxed oxide charge and interface states has been reported,
which is obtained in the current model by assuming that the H stays
at the E  center. Alternatively, the E  center could just act as a catalyst
and the H may migrate further away.
In order to capture this coupling between E  and Pb centers we
thus extend the HDL model of the E  center of Fig. 7 by introducing
an E  /Pb H complex. The complex is assumed to be in one of 4 states,
with states 1-3 being the same as the E  center states and the Pb center
being passivated with H (see Fig. 9). However, now once positively
charged (state 2), the E  center can attract the H from the Pb H. When
this happens, the E  /Pb H complex moves to state 4. This step locks in
the positive charge at the E  and creates a DB at the interface, whose
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charge state quickly follows the Fermi-level in the substrate. The H
has a non-zero probability of moving back to the Pb center, thereby
resetting the E  /Pb complex to state 2, from which complete annealing
is eventually possible. However, for typical stress conditions the full
recovery would be outside the measurement window.
The rate equation describing such a E  /Pb H complex follow from
a straight-forward extension of (9)–(11)

∂ f1
= − f1 k12 + f3 k31 ,
(19)
∂t
∂ f2
= + f1 k12 − f2 k23 + f3 k32 − f2 k24 + f4 k42 ,
(20)
∂t
∂ f3
= + f2 k23 − f3 k32 − f3 k31 ,
(21)
∂t
∂ f4
= + f2 k24 − f4 k42 .
(22)
∂t
Again, the probabilities must fulﬁll f1 + f2 + f3 + f4 = 1 and one
of the above equations must be omitted. The transition rates between
state 2 and 4 are modeled in the spirit of [1, 22] by thermal activation
over a ﬁeld-dependent barrier (cf. Fig. 9) as
k24 = ν e−β (ΔED −E2 −γ F) ,
−β (ΔED −E4 +γ F)

k42 = ν e

.

(23)
(24)

Consequently, the probability of being in state 4 corresponds to a
ﬁxed positive charge at the E  center and a depassivated interface
state. However, only interface states above the Fermi level and up to
mid-gap are assumed to be positively charged and their occupancy
with an electron is given by fit (t), which is determined using
the conventional SRH mechanism. Contrary to claims in [13], fit
normally reaches its equilibrium value in the nanosecond regime
(extending into the millisecond regime only for a switch of the Fermilevel below EV during stress to mid-gap) and thus fit may be set equal
to the Fermi distribution in most cases.
Following [1, 22, 52], the barrier ΔED is assumed to be given by a
narrow Gaussian distribution (σ ≈ 100 meV), while the energy-levels
Eit of the electrically active states are assumed to be homogeneously
distributed over the lower-half of the silicon bandgap. We remark
that a strong correlation between these two distributions is to be
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Fig. 10: Slightly schematized simulated evolution of the three densities-ofstates for the precursors, E  centers, and the interface states, together with
their occupancies. The DOS of the precursor and its occupancy ( f1 ) were
divided by two while the DOS for the interface states ( f4 ) and the occupancy
( fit ) were multiplied by two in order to highlight the important details. The
bandedges in Si are schematically shown. Left: During stress, EF is below EV
at the interface and precursors are being broken up. The created E  centers
with an ET below EF are neutral and thus not as stable as the centers with
ET > EF , which gives rise to the spike in the DOS above EF . All interface
states are positively charged. Right: During recovery, EF moves upwards,
neutralizes E  centers and thereby accelerates recovery. Most interface states
remain positively charged.

expected, that is, Eit should also be given by two Gaussians in the
bandgap [43]. Also note that in contrast to the E  center model, repassivation of interface states is assumed to be independent of their
charge state, which might not be correct. We thus consider the above
model a ﬁrst-order approximation with the minimal number of free
parameters. More detailed experimental data would be required to
justify a reﬁned version of the model.
The random variables of our E  /Pb H complex are thus X =
(x, ET , ET , ΔEA , ΔEB , ΔEC , ΔED ) and their joint probability density
function g(X) used in the statistical average (16) is constructed from
independent distributions.
The amount of positive charge stored in the E  part of the
complexes is now given by the statistical average of complexes being
either in state 2 or 4, and we have
Qox = q (1 − x/tox )( f2 + f4 )

(25)

The amount of positive charge stored in the interface states is given
by the average of the probability of having depassivated DBs ( f4 )
times the probability that the created electrical level is unoccupied
(1 − fit ) and for Eit within the lower-half of the silicon band-gap (the
donor-like states) given by
Qit = q f4 (1 − fit ) ,

Full Model
Nox Only
-0.6 V
-1.4 V
-2.0 V

16

Si

(26)

while the total number of available interface states is simply obtained
from Nit = f4 . For the data analyzed here, the occupancy of the
created interface states is of minor relevance since normally both
during stress and recovery the Fermi-level is close to the silicon
valence band ( fit ≈ 0) and consequently most interface states will
be positively charged and thus Qit ≈ qNit .
In order to explain the presently available data, it is sufﬁcient to
use a reduced set of random variables and we use x ≈ 0, ΔEA ≈ ΔEB ,
and ΔEC ≈ 0 in the following examples. Further simpliﬁcation, like
ET ≈ ET , signiﬁcantly impacts the quality of the model as will be
discussed later.
A typical evolution of the densities of the precursors, the created
E  centers, and the created interface states is shown in Fig. 10 during
stress and after 10 s of recovery. Although uniform distributions are
used in the model, the resulting DOS of E  centers is non-uniform.
This is because states closer or below the Fermi-level are electrically
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Fig. 11: The measured prefactor Bs (T,V ) of Fig. 3 compared to the simulated
prefactor of the two stage model obtained under the same conditions. Very
good agreement for all voltages and temperatures is obtained. Since the twostage model captures the asymmetry, good agreement during both stress and
recovery is possible. We put the remaining deviation down to the mobility
error in the OTF data [11, 13].

neutral and thus have a larger annealing rate. Consequently, the higher
the trap level ET , the longer it will take the defect to fully anneal,
consistent with the interpretation given in [27].
VII. C OMPARISON WITH M EASUREMENTS
Simulation results for the SiON devices are compared to the
data of Fig. 3 and Fig. 4. The simulated prefactors during stress
are in very good agreement with the data, see Fig. 11. Details of
the simulation demonstrate also that the model can reproduce the
asymmetry between stress and recovery, see Fig. 12. We remark
that this is the ﬁrst time that a model can reproduce both OTF and
recovery data in a wide temperature and voltage range, providing a
theoretical link between these two measurement techniques.
A particularly challenging data set is given in Fig. 13, where ﬁve
devices are brought to the same level of degradation. During recovery,
various bias switches are used to probe both the occupancy effect
(amount of charge visible depending on the Fermi-level) as well as
the impact of the occupancy on the recovery dynamics. Again, very
good agreement between theory and data is obtained.
Results of similar accuracy have been obtained for the HK device,
see Fig. 14. Compared to the SiON-k devices, a considerably larger
amount of E  centers is created.
This is in contrast to data taken on thick SiO2 devices where a
considerably smaller amount of E  centers is created, see Fig. 15.
Finally, we test the underlying physical assumptions of the model by
applying a recently developed poly-heater technology allowing rapid
switches of the device temperature [20]. The appealing feature of this
technique is that devices can be brought to the same stress level from
which recovery can be monitored at different T . As shown in Fig. 16,
these insightful experimental data are well reproduced by the model,
conﬁrming its validity.
VIII. A LTERNATIVE M ODELS AND W HY THEY D O N OT W ORK
One question that naturally needs to be raised is whether really
all features of the E  center are needed in order to explain NBTI.
In a nutshell, the answer is simply ’yes’ and we will demonstrate in
this section why this is the case. We have to keep in mind, however,
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Fig. 12: Left: Comparison of the simulated asymmetry of stress and recovery measured at 150 ◦ C for 8 different stress voltages for the thin SiON devices.
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Fig. 13: Five devices were brought to the same level of degradation (ts =
6000 s, T = 125 ◦ C, Vstress = −2 V). First, recovery was monitored for 10 s at
VG = Vth = −0.3 V (panel 1). Then the gate voltage was switched for 2 s to
5 different values, including more negative and more positive values (panel
2). When possible (VG > 0 V), the change in the drain current was converted
to ΔVth (VG ) which was found to be clearly different from ΔVth (Vth ) recorded
at Vth . Next, VG was switched back to Vth (panel 3), were a clear impact
of the intermediate bias switch is observed. This procedure was repeated
for increasing durations of bias switches (10, 40, 150, 500 s). Simulation
results are given by the lines, which show very good agreement with the
data, capturing both the occupancy effect (evenly numbered panels) and the
acceleration/retardation of recovery as a response to the gate bias.

that the following allegedly simpler models are incompatible with the
known properties of the E  center. Rather, we wish to show that each
aspect of the model has its correspondence in experimental data.
A. Occupancy Effect
First, we demonstrate the fundamental impact of the trap occupancy on the simulated stress and recovery characteristics. From an
electrical point of view, the occupancy effect (transitions between
state 2 and 3) is responsible for a change in the subthreshold slope.
It also explains the asymmetry between the degradation and recovery
dynamics. A simpliﬁed model that neglects state 3 (the electrically
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Fig. 14: High-k devices stressed under various conditions were used to extract
the model parameters. Shown is the scaling of the recovery data after three
selected stress times obtained at different stress voltages. The data was scaled
to the ﬁrst simulated recovery point for the most severe stress condition.

neutral state which is not yet fully annealed) by inducing recovery
right after hole emission from state 2, inevitably predicts a symmetric
stress and recovery behavior, see Fig. 17. Furthermore, since the
recovery rate does no longer depend on the occupancy of the defect,
only a weak bias dependence is observed.
B. Level Shift
The next example effectively demonstrates what happens when the
level shift is neglected, that is, when ET = ET is assumed. In order
to have a stable precursor conﬁguration, ET must lie well below the
silicon valence band. During stress, holes are trapped at that level.
During relaxation the holes are kept in that low level only by the MPE
barrier and must go back to the valence band, a process independent
of the energetic position of the trap, since the holes just ’bubble up’.
Consequently, practically no bias dependence of recovery is observed
in such a model, see Fig. 18. Also, the model predicts symmetric
stress and recovery behavior.
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Fig. 16: Application of a recently developed poly-heater technology [20]
allows for high-precision switching of the device temperature within 1 s.
Identically processed devices were stressed for the same time at 125 ◦ C, while
prior recovery the temperature is quickly switched to −40 ◦ C or +40 ◦ C.
Finally, in a fourth device the temperature is ﬁrst switched to -40 ◦ C, then after
1 s recovery to +40 ◦ C, and ﬁnally after 100 s to 125 ◦ C. Excellent agreement
of the model with data is again obtained.
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Fig. 17: Characteristic behavior of a model that neglects the occupancy effect
(no switching behavior, no state 3 in the HDL model). Top: Although it is
possible to delay the recovery (shift to larger times), the slopes are always
the same during stress and recovery, they are always symmetric. Bottom:
Devices stressed at the same voltage only show a weak voltage dependence
during recovery.

chemistry of the amorphous SiO2 /Si interface region. The model
has the minimum number of parameters required to explain the
experimentally observed features of NBTI.

IX. C ONCLUSIONS
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