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Abstract— Instabilities in MOS-based devices with various
substrates ranging from Si, SiGe, IIIV to 2D channel materials,
can be explained by defect levels in the dielectrics and nonradiative multi-phonon (NMP) barriers. However, recent results
obtained on single defects have demonstrated that they can show
a highly complex behaviour since they can transform between
various states. As a consequence, detailed physical models are
complicated and computationally expensive. As will be shown
here, as long as only lifetime predictions for an ensemble of
defects is needed, considerable simpliﬁcations are possible. We
present and validate an oxide defect model that captures the
essence of full physical models while reducing the complexity
substantially. We apply this model to investigate the improvement
in positive bias temperature instabilities due to a reliability
anneal. Furthermore, we corroborate the simulated defect bands
with prior defect-centric studies and perform lifetime projections.
Index Terms— bias temperature instabilities, high-k dielectric
materials, semiconductor device reliability

I. I NTRODUCTION
Over the last decades, a number of BTI models have
been developed [1]. While simple power-law descriptions give
reasonable results for the evolution of the threshold voltage
shift ΔVth as a function of stress time ts , they do not include
recovery and give overly pessimistic life-time estimations
because they do not cover the experimentally observed saturation of ΔVth at long ts [2]. Several physics based models
give more accurate predictions as discussed in Section II, in
particular, models which are based on pre-existing defects with
distributed capture and emission time constants give consistent
results [3, 4]. NMP theory [5–7] provides the most accurate
physical description of these constants and various phenomena
related to oxide defects across multiple technologies [8–10].
In particular, the four-state NMP model [11] has been successfully applied to model BTI recovery for negative (NBTI) and
positive (PBTI) gate voltages VG [12]. This model also gives
a consistent explanation for random telegraph noise (RTN)
[13] and stress-induced leakage currents (SILC) [14, 15]. Very
recent modeling attempts led to an extension of this model to
describe the hydrogen release mechanism [16].
While these models are in line with density functional
theory studies and allow for detailed physical insights [17],
they typically require time-consuming TCAD simulations with
numerous physical model parameters. Capture/emission time
(CET) map based models were proposed as efﬁcient alternatives with a limited number of parameters to provide a
physical approximation for the full four-state NMP model [18,
19]. However, these models consider the VG dependence only
empirically. Another modeling approach which enables fast
AC circuit simulation was proposed recently [20]. This model
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Fig. 1: Schematic band diagrams for recovery (left) and stress conditions
(right) depicting the charging of oxide defects. In a simple picture with oxide
defects interacting with carriers from the channel, all acceptor-like defects
above the Fermi level of the channel will be neutral (red) and those below the
Fermi level will be negatively charged (blue) for equilibrium conditions. The
transient degradation depends on the interface distance xT of the individual
defect as xT affects the tunneling process and the energy barrier of the
transition.

builds on top of bias and temperature dependent time constants
of defects and therefore depends on input from four-state NMP
TCAD simulations.
Here we present an effective two-state NMP model to bridge
the gap between models which are accurate but complex and
models which are compact but miss important aspects of
charge trapping. While the abstraction from the full four-state
model inevitably implies a slight loss of physicality, which
affects the characteristics of individual defects (temporary
RTN, switching defects, multi-state frequency dependence
[21]), it still provides accurate results for ΔVth , is efﬁcient and
convenient to use and, has a very limited number of physical
parameters.
Due to its physical foundation, this two-state NMP model
describes charging of oxide defects with “90% accuracy at
10% complexity” and is applicable across technologies and
stress polarities. In this work the foundations of this claim
are established. Degradation mechanisms which act beyond
charging of oxide defects can be easily modeled additionally if
they have a signiﬁcant contribution to the overall degradation.
For example this may be necessary at elevated source-drain
voltages where hot-carrier degradation (HCD) is observed
together with BTI.
II. P REVIOUS PBTI S TUDIES
Zafar et al. proposed a PBTI model based on oxide defects
with distributed capture time constants [23]. This model was
later extended to account for de-trapping [24]. Saturation
at long ts is predicted, however, bias and temperature is
only considered with empirical parameters. Shanware et al.
proposed a similar model with a log-ts dependent degrada-
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Ribes et al. assessed different degradation mechanisms and
suggested bulk oxide defects which are governed by SRH and
tunneling mechanisms to be responsible for PBTI in high-κ
devices [28]. Later, Mitard et al. presented a detail experimental study where they identiﬁed three different regimes
of PBTI degradation. In addition to recoverable defects, they
suggested defect generation for long term stress [29]. Zhao et
al. suggested that “NBTI and PBTI share similar microscopic

tion and again empirical parameters to account for bias and
temperature dependence [25]. Kerber et al. concluded in an
early study that PBTI is due to charging of pre-existing defects
and suggested a defect band with tunneling limited charge
transfer [26]. Torii et al. investigated the microscopic nature of
defects contributing to PBTI and proposed recoverable oxide
vacancies in HfO2 as possible candidates. They identiﬁed
only a marginal increase of Dit accompanied with PBTI [27].
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Fig. 2: CC-diagrams of exemplary single defects with neutral (blue) and positive states (red). The four-state NMP model (left) accounts for two NMP
transistions with charge exchange (state 1 ↔ 2 and 1 ↔ 2) and structural relaxation in each charge state (state 1 ↔ 1 and 2 ↔ 2 ). The two-state
model (right) only consideres one effective NMP transition (state 1 ↔ 2) with the energy barrier ε12 for hole capture and ε21 for hole emission.
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Fig. 3: Oxide degradation is simulated with defects sampled based on distributed parameters. This is typically done in a Monte Carlo fashion (left
for the four-state [22] and middle for the effective two-state model). This enables variability studies, however, it is not efﬁcient for simulations of the
mean degradation. Due to the limited number of paramerters, the two-state model allows for fast and deterministic simulation where the defects are
sampled on a 3D grid (right). Top: The parameters of four-state and two-state defects with schematic distributions. Bottom: Exemplary CC-diagrams
of ensembles of defects for two gate voltages.
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Fig. 4: The charge state of the defects is evaluated based on the device electrostatics and the individual parameters of the discrete defects. Shown
are exemplary band diagrams of an SiO2 pMOS for the three simulation modes. The defects are depicted according to their interface distance and
defect level while the color indicates their charge for equilibrium conditions. Note that the band diagrams for four-state MC (left) and two-state MC
(middle) are identical as the ET and xT of four-state and two-state defects are the same. However, there can be deviations of the transient occupancy
for these two modes. For two-state defects sampled on a grid (right), the samples points are weighted as indicated by their size.

XT-11.2

VG [V]

trapping/de-trapping mechanism” [3] and successfully applied
the framework of microscopic defects with individual capture
and emission times to model PBTI. Vandelli et al. went a
step further and calculated capture and emission times from
relaxation energies, and extended the framework for trap to
trap tunneling [4]. On the contrary, with respect to SILC it has
been suggested that defect generation is the root cause (instead
of defect activation) [30] while others have demonstrated the
recoverable nature of SILC and PBTI related degradation [31,
32] indicating a defect activation mechanism in the framework
of NMP theory [33].
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III. M ODELING
The spatial location in the oxide and the defect level ET are
fundamental properties of oxide defects. While ET determines
the charge of defects for equilibrium conditions, the transient
charge capture and emission events are more involved. Tunneling processes have to be considered and additional energy
barriers govern the capture (τc ) and emission time constants
(τe ) as described in the framework of NMP theory [5–7]. A
schematic charge capture process is depicted in Fig. 1.
In the four-state model, τc and τe are determined by two
NMP transitions and two pure thermal transitions between the
stable (1, 2) and metastable states (1 , 2 ).
In the two-state model we only considering one effective
NMP transition between two stable states (1, 2). The potential
energy surface for this transition is approximated with a
quantum harmonic oscillator along the transition path [1]. The
transition barriers can be depicted in conﬁguration coordinate
(CC) diagrams (see Fig. 2). With the parabolic potentials
E1 = E1,min + c1 (q − q1)2 ,
2

E2 = E2,min + c2 (q − q2) ,

(1)
(2)

the energy barriers ε12 and ε21 depend on the ratio of
the curvatures R2 = c1 /c2 , the exitation energy for optical
transitions S, and on the bias dependent energy difference
ΔE12 = E2,min (VG ) − E1,min (VG ).
Since the distribution of R was found to be narrow, we
approximated R to be constant to make the two-state model
more concise. Furthermore, we assume the spatial distribution
of defects within a defect band to be uniform with the defect
density NT , while the distribution of their ET is approximated
to be normal. This leaves three distributed parameters for the
two-state model: ET , NT , and S. In addition to the sampling
of a set of defects from these distributions in a Monte Carlo
(MC) fashion, the limited number of distributed parameters
of the two-state model enables deterministic simulations with
representative defects placed on a grid in the space spanned by
the three distributed parameters ET , S, and the distance from
the channel interface xT , where the latter is a consequence of
the uniformly distributed NT (Fig. 3). This either gives devices
with discrete defects which enables studies of variability (MC)
or the mean values for the given technology (grid). The
corresponding band diagrams are shown in Fig. 4.
The effect of oxide defects on the device characteristics
can be quantiﬁed by the shift of the threshold voltage ΔVth .
In a simple approximation, the oxide charge is assumed to be

Fig. 5: While the abstraction of four states to two states can affect the
characteristics of single defects, the differences appear to average out for
multiple defects. This is veriﬁed by simulating a multi-level stress pattern
(top). Each stress phase has ts = 100 s, sampled on a log scale (20 time steps
= 100 s). The simulation results for this stress pattern with the full four-state
NMP TCAD model show good agreement with the two-state model (MC and
grid) for two different temperatures (bottom). Note that the deviations do
not accumulate over time. The two-state MC was calculated with 10 different
samples, each with 20k defects.

spread over a charge sheet with the interface distance xT [36].
For single layer oxides with thickness tox , width W , and length
L, ΔVth evaluates to


tox 1 − txoxt
,
(3)
ΔVth = −qt
ε0 εrW L
where the charge of the oxide defect qt is the product of the
elementary charge and the occupancy of the positive charge
state. The occupancy p1 of the neutral state 1 and p2 of the
positive state 2 can be calculated based on p1 + p2 = 1 and
the Master equation
N
N
dp1 (t)
= −p1 ∑ k12,i + p2 ∑ k21,i
dt
i=1
i=1

(4)

with the rates k12,i from state 1 to state 2 and the sum over i
indicating the various charge carrier reservoirs (with N being
the number of reservoirs) which may interact with the oxide
defect. For the example of the reservoir being electrons at the
conduction band edge of the channel, the rate is [1]
k21 = nvth,nσ0,n ϑn e−β ε21

(5)

where n is the concentration of electrons in the channel, vth,n
their thermal velocity, σ0,n their capture cross section, ϑn their
tunneling coefﬁcient, β = 1/kB T , and ε21 = ε12 − ΔE12 the
energy barrier from state 2 to state 1. Assuming parabolic
potential energy surfaces, ε12 can be approximated by [1]
2


S
S + ΔE12(R2 − 1)
1−R
ε12 = 2
,
(6)
(R − 1)2
S
with R, S, and ΔE12 as introduced above (see also Fig. 2). Note
that ΔE12 is a function of ET , of the energy of the carrier at
the reservoir, and of the device electrostatics, and therefore of
the gate voltage VG .
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TABLE I: Defect bands extracted with the two-state model.
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Fig. 6: For the extraction of the defect bands, the twostate model requires the surface potential which can be
calculated from CV curves (top) using the CVC Hauser
tool [34] and BTI measurements. The improvement in
PBTI due to the anneal is apparent in the eMSM experiments for different Vov at T = 125◦ C (bottom).

Fig. 7: Fast optimization of the six physical model parameters in the “grid” mode of the twostate model gives a good agreement for the reference device (left) and the device with the
reliability anneal (right). Shown are measurements (symbols) and simulation results (lines) for
a full eMSM signal with stress and recovery phases. If the anneal had mainly an affect on Not ,
the reference curve would be shifted in the log plots, hence, the bias dependence would be
different.

IV. M ODEL VERIFICATION

were optimized to obtain a match with the results from the
four-state model (Fig. 5, bottom). The obtained R and S have a
physical meaning, but represent effective values which abstract
the physics from all four states. However, ET and NT retain
their full physical meaning which enables the extraction of
defect bands.
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Fig. 8: The extracted defects of the reference device depicted in the band
diagram (top) and η estimated with the charge sheet approximation (bottom).
The centroid of the charges (vertical dashed lines) is compared to the
two distinct contributions obtained by defect-centric studies [35] (horizontal
dashed lines). The deviation for charges in the HK is probably due to
differences in the processing and the ts dependence of the extraction. Note that
the gate area was scaled to match η of the IL which allows for a comparison
of η of the HK.

V. A PPLICATION

TO HIGH - κ STACKS

We employ the new effective two-state model to extract
the defect bands responsible for PBTI in high-κ gate stacks
(note that this model describes the behavior of oxide defects,
and hence it is not limited to PBTI studies only). Although
PBTI is not the most severe reliability issue for current Si
FinFET logic technology [37], the study of high-κ defects is of
106
105
Nt [1]

In order to verify the validity of the abstraction of four
states to two states, an exemplary NBTI multi-state stress
pattern was simulated on a 2.4 nm thick SiO2 device (Fig. 5,
top). For the full four-state TCAD simulation, the previously
extracted parameters for SiO2 were used [12]. For the twostate model the same ET and NT were used while R and S

γ n
Nt = AVov
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0.9 V
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γ = 1.17
n = 0.097

103
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Fig. 9: The number of trapped electrons (Nt ) in the HK and in the IL of
the simulated reference device (symbols) compared to the time and voltage
acceleration exponents as obtained by defect centric studies [35]. Note that
the magnitude A, hence NT , was scaled to ﬁt the simulation results since only
the power-law factors for Vov (γ ) and ts (n) were given in the defect-centric
studies.
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Fig. 10: The degradation of the reference device (left) and the annealed device (right) is simulated
based on the extracted defect bands for room temperatures and varying VG (solid lines) and ﬁtted
with a power-law (dashed lines). The power-law ﬁts within the typical measurement window (see
Fig. 9), however, saturation is observed for large ts as indicated by long-term temperature accelerated
experiments [2].

relevance for many novel technologies which are frontrunner
candidates for future CMOS nodes, e.g., Ge/IIIV high-mobility
channel devices fabricated in low thermal budget processes
[38], stacked device technology [39, 40], and 2D channel
transistors [10]. Moreover, the study of high-κ defects is
relevant for DRAM periphery transistors which still employ
thick oxides and high temperature anneals for gate leakage
suppression and work function engineering [41]. The well
understood FinFET technology used here as a study case
allows for a broad veriﬁcation of the obtained results which
is necessary to validate the presented approach.
The experiments were conducted on nMOS devices of a
high-κ FinFET technology with a 1 nm (EOT) gate stack
(HfO2 (HK) with a SiO2 interface layer (IL)), targeting the
14 nm node. The effect of thermal treatment on defect properties is investigated by comparing a high-κ replacement metal
gate (RMG) with a post metalization anneal (PMA, T = 900◦ C
for few seconds) to a reference gate stack without a PMA.
The two-state model was implemented in a python script
which calculates the quantities for the physical defect model
based on the surface potential. The surface potential in turn
was obtained from capacitance-voltage (CV) measurements
using the CVC Hauser tool [34] (Fig. 6, top for nFinFET
split-CV showing the gate-channel capacitance Cgc ). PBTI was
characterized for a reference stack and for an annealed stack
using the extended measure-stress-measure (eMSM) technique
[42] covering stress times from 10 ms up to 2 ks and
overdrive voltages Vov = VG − Vth between 1.0 and 1.4 V (Fig.
6, bottom). Based on these input data, the two-state model
parameters were ﬁtted for the annealed device. The dominant
effect of the anneal on the defect properties was found to be a
shift of ET and as such ET was optimized for the reference
device, while all other parameters were kept at the values
obtained from the annealed device.
The two-state model captures ΔVth during the stress and
recovery phases (10 s recovery after each stress phase) for the
reference and the annealed gate stack (Fig. 7). A dominant
electron defect band in the HK was extract which is in line
with recent ab initio studies [43]. Additionally, an electron
defect band in the IL with a rather low NT was extracted (see
Table I). The latter should not be confused with the hole defect
band which is commonly observed in SiO2 for NBTI with a
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Fig. 11: The two-state simulations show an improvement of VG for 10 years life time due to
the reliability anneal from VG = 0.8 to 1.2 V
(solid lines), The power-law extrapolation is more
pessimistic (dashed lines).

much higher NT at lower ET . Evidence for the extracted
electron band in SiO2 comes from PBTI experiments [44]
and RTN studies [45]. Furthermore, its presence is conﬁrmed
by defect-centric studies [35]. A qualitative comparison of the
simulated mean step heights η to results from these defect
centric studies conﬁrms the two distinct defect contributions
(Fig. 8).
In addition, also the Vov and ts dependence of the individual
contribution from the HK and the IL is compared to values
obtained from the defect-centric studies (Fig. 9). The good
agreement with these experimental data conﬁrms the validity
of the model and the extracted parameters.
The two-state model allows for fast simulations of BTI
for arbitrary stress signals and temperatures based on the
extracted defect bands. The extrapolation of ΔVth for long
ts and various VG at room temperature is shown in Fig. 10
(single-core simulation time on a typical workstation is below
2 seconds for a full stress trace). While the power-law gives
good agreement for the time window of typical experiments
(Fig. 9), there is a clear deviation from the power-law for
longer ts (Fig. 10) which leads to overly pessimistic life time
estimations of power-law extrapolations. Finally, we calculate
the VG dependent life time and ﬁnd an improvement due to
the reliability anneal in the maximum operating voltage for 10
years of 0.4 V (Fig. 11).
VI. C ONCLUSIONS
We have introduced a two-state NMP model which is
based on physical oxide defects and have veriﬁed its validity
with TCAD simulations and experiments. The new model
retains the main features of the four-state NMP model, and
in particular the important defect properties ET and NT are
maintained. This allows for an efﬁcient extraction of defect
properties and a reliable projection for various voltages, temperatures, and technologies. The application to high-κ stacks
has revealed the properties of the two electron defect bands
which contribute to PBTI. Finally, we have found that the
anneal of this gate stack improves life time because of a
shift of ET towards the conduction band edges and compared
the life time extrapolation to the more pessimistic power-law
extrapolations.
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