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NBTI Lifetime Prediction and Kinetics at Operation
Bias Based on Ultrafast Pulse Measurement

Zhigang Ji, L. Lin, Jian Fu Zhang, Ben Kaczer, and Guido Groeseneken

Abstract—Predicting negative bias temperature instability
(NBTI) lifetime can be dangerous since it is difficult to assess its
safety margin. The common technique uses gate bias Vg accelera-
tion to reduce the test time, and the data were typically obtained
from quasi-dc measurements. Recently, it has been shown that
substantial recovery occurs during the quasi-dc measurement, and
the suppression of recovery requires using ultrafast pulse mea-
surement, where time was reduced to the order of microseconds. In
a real circuit, different transistors have different levels of recovery,
and the worst case scenario is when recovery is suppressed. At
present, there is little information on how this worst case NBTI
lifetime can be predicted and whether the traditional Vg accel-
eration technique can still be used. This work will show that the
prediction based on the Vg acceleration results in a substantial
error, and its cause will be analyzed. To predict the worst case
lifetime, a model for NBTI kinetics under operation gate bias is de-
veloped. This kinetics includes contributions from both as-grown
and generated defects, and it no longer follows a simple power
law. Based on the new kinetics, a single-test prediction method is
proposed, and its safety margin is estimated to be 50%.

Index Terms—Bias temperature instability, defects, degrada-
tion, device lifetime prediction, gate dielectrics, MOSFETs, NBTI,
positive charging, reliability.

I. INTRODUCTION

N EGATIVE bias temperature instability (NBTI) is limiting
the lifetime of pMOSFETs with SiON gate dielectric

and has recently received much attention [1]–[12]. The NBTI
lifetime is typically defined as the time for the threshold
voltage shift ΔVth to reach a preset level [6]–[11]. Under an
operation gate bias Vgop, the required lifetime is ten years,
and the degradation under Vgop can be too low to reliably be
measured within a practical stress time. To predict the lifetime
under Vgop, multiple accelerated tests are carried out with
stress biases Vgst higher than Vgop. The accelerated lifetime is
typically fitted with |Vgst|−α [6], [7] or exp(−|Vgst|) [8], [9],
and then extrapolated to Vgop, so that the lifetime under Vgop

can be estimated. Recent works [2]–[5], however, have raised
several questions on the validation of the preceding prediction
technique, as described here.
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First, the aforementioned prediction technique was devel-
oped based on quasi-dc measurements with a measurement
time for transfer characteristics Id–Vg up to seconds [7]–[9],
[12]. Recent works [2]–[5] have shown that substantial recovery
occurs during the measurement, and to suppress the recovery,
the measurement time must be reduced to the order of tens
of microseconds by using the ultrafast pulse (UFP) technique
[2], [4], [5], [10]. In a real circuit, different transistors will
experience different levels of recovery, and the worst case
scenario will be no recovery. It is not known whether the
Vg acceleration technique previously described is still applica-
ble in this case.

Second, the threshold voltage is typically evaluated by ex-
trapolating the transfer characteristic Id–Vg , and the sensing Vg

used here is close to Vth. In a practical circuit, the operation
bias is higher than Vth, and an implicit assumption of early
works is that ΔVth is insensitive to the sensing Vg . Recent
work [4], [10], however, shows that ΔVth increases with the
sensing Vg , and its value at Vgop can double the level extracted
by extrapolating Id–Vg . There is no information on how the
lifetime can be predicted by including this dependence on the
sensing Vg .

Third, not only recovery but also degradation can occur
during the measurement [4], [5], [10]. In an NBTI test, the first
measured point is used as the reference value [3], [13], and
if the reference is degraded, every subsequent data point will
be affected. For some “on-the-fly” technique recently proposed
[3], [13], the sensing Vg is the stress bias, and it is reported
that substantial degradation can occur for the first point when
measured by a typical quasi-dc parameter analyzer [4], [10].
The lifetime cannot reliably be predicted based on a degraded
reference.

In this paper, we will show that, when the recovery is
suppressed, ΔVth does not follow a simple power law against
stress time, and the kinetics at different Vgst’s are not in parallel,
making the conventional Vg acceleration technique inapplicable
here. To predict the worst case lifetime, a physics-based NBTI
kinetics at Vgop is proposed, which includes contributions from
both as-grown and generated defects. An effort will be made
to estimate the safety margin of this new lifetime prediction
method.

II. DEVICES AND EXPERIMENTS

A. Devices

To test the applicability of the proposed NBTI kinetics
and lifetime prediction method, samples from six different
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TABLE I
WAFERS AND THE FITTED PARAMETERS AT 125 ◦C

processes were used, as shown in Table I. The SiON sam-
ples have p+ poly-si gate; four of them were plasma ni-
trided for different times, and one was thermally nitrided. One
HfSiON/SiON stack was also prepared by atomic layer chemi-
cal vapor deposition (ALCVD) with 80% Hf and a TiN gate.

B. Experiments and Measurements

The typical NBTI test procedure is to stress pMOSFETs
under a constant Vgst and temperature for a prespecified time,
and the degradation was then monitored by interrupting the
stress and measuring Id–Vg [2], [12], [13]. This “stress-then-
sense” procedure is also used for this paper. Since the objective
is to study the NBTI lifetime prediction and kinetics with
recovery suppressed, the UFP Id–Vg is used. Recent works
[2], [4], [10] have shown that recovery during measurement
can effectively be suppressed to within the measurement res-
olution when the pulse edge time was reduced to the order of
tens of microseconds. Both the pulse rise and fall times are
5 μs in this work. The majority of tests were carried out at
125 ◦C, with a typical test time ranging from microseconds
to 75 h.

We now address the degradation in the reference value. In
early works, the reference value for an NBTI test was typically
obtained by using a quasi-dc parameter analyzer, and the time
for measuring one point tr was 10–150 ms [4], [10]. To show
that this quasi-dc reference is degraded, Fig. 1 compares the
quasi-dc Id–Vg with the UFP Id–Vg when the edge time is 5 μs.
When the sensing Vg is low and around Vth ≈ −0.3 ∼ −0.5 V,
Id degrades little, and the quasi-dc value can be used as the
reference. At |Vgop| = 1.2 V, however, the degradation of the
quasi-dc reference becomes observable. Moreover, some on-
the-fly technique [3], [13] uses stress bias |Vgst| > |Vgop| as the
sensing Vg, and Fig. 1 shows that the quasi-dc reference further
degrades for higher |Vg|.

To show that the Id at Vgop = −1.2 V degrades little when
measured with a pulse edge of 5 μs, Fig. 2(a) gives the Id, which
is repeatedly measured 30 times. Degradation was not observed,
and a measurement resolution of ±0.23% was achieved.

In this paper, we intend to stress the device at |Vgop| = 1.2 V,
which is lower than the typical stress bias used in early NBTI

Fig. 1. Comparison of Id–Vg measured by UFP and quasi-dc techniques
on fresh devices. The edge time of the pulse is 5 μs, and it took 150 ms
for recording one point for the quasi-dc technique. Although the degradation
is negligible near the threshold voltage Vth(ex), it increases and becomes
observable at |Vgop| = −1.2 V for the quasi-dc measurement. Therefore, the
quasi-dc Id at |Vgop| = −1.2 V should not be used as the reference value.

tests [2]–[5], [10]. For low degradation, noises must be mini-
mized. The typical commercial parameter analyzers minimize
noises by repeating Id measurement for a given bias many
times and then use their average value. For a stress time of less
than 1 s, we also repeated the pulse measurement many times
(i.e., 30) and used their average value, as shown in Fig. 2(b).
For stress longer than 1 s, we used a quasi-dc parameter
analyzer that automatically uses average values. As will be
shown in Sections III-C and III-D, the measurement accuracy
achieved in this way is good enough to establish a kinetic
model that allows lifetime to be predicted with a safety margin
of 50%.

C. ΔVth Extraction at the Operation Gate Bias

Traditionally, NBTI-induced ΔVth was evaluated by extrap-
olating Id–Vg , as shown in the inset of Fig. 3(a), and the
assumption is that ΔVth is insensitive to the sensing Vg . Our
recent work [4], [10], however, shows that |ΔVth| substantially
increases for higher sensing |Vg|. Since measuring ΔVth at
different sensing Vg’s is rarely reported in the past, a description
is given here.
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Fig. 2. Measurement resolution and minimization of noises. (a) Id at Vg =
−1.2 V was measured 30 times from the pulsed Id–Vg with an edge time of
5 μs. A measurement resolution of ±0.23% was achieved, and Id degradation
during the measurement cannot be observed within this resolution. (b) The
pulse measurement (symbol ‘�’) was repeated 30 times for a stress time of
less than 1 s, and the average value (symbol ‘◦’) was used to minimize the
noise. For stress longer than 1 s, we used a quasi-dc parameter analyzer that
automatically used the average value (symbol ‘×’).

Fig. 3(a) shows that the drain current degradation ΔId at
a given sensing Vg can be measured, and the ΔVth can be
evaluated by

ΔVth ≈
N∑

i=1

ΔVth(i) = −
N∑

i=1

ΔId(i)
[Gm(i) + Gm(i − 1)] /2

(1)

where i and (i − 1) represents two measurement points, and
ΔVth(i) is the incremental degradation between these two
points. Gm is the transconductance and is evaluated from
Id–Vg by

Gm =
dId

d(Vg − Vth)
. (2)

d(Vg − Vth) is used in the denominator of the preceding for-
mula since Id is driven by (Vg − Vth) and Vth varies with Vg

here [4], [10]. A typical result is given in Fig. 3(b), and |ΔVth|
at the operation Vgop = −1.2 V is much higher than |ΔVth|
obtained by extrapolating Id–Vg . Since the objective of this
work is to investigate the worst case NBTI lifetime and kinetics,
we use ΔVth at Vgop hereinafter, unless otherwise specified.

Fig. 2(b) shows that |ΔVth| becomes higher than 10 mV
in less than 1 ms under Vg = −1.2 V. This rapid increase in
|ΔVth| does not mean that the quality of the samples used here
is poor [10]. It is caused partially by suppressing recovery with

Fig. 3. Evaluation of the threshold voltage shift at different sensing Vg’s.
(a) Id–Vg at two stress time points, i.e., (i − 1) for 1 s and i for 1000 s,
which were measured by the UFP technique with an edge time of 5 μs. ΔId

represents the NBTI-induced current degradation between these two time points
at a given sensing Vg . The inset shows the evaluation of the threshold voltage
shift by extrapolating Id–Vg . (b) |ΔVth| increases with the sensing |Vg |, so that
|ΔVth| at |Vgop| = 1.2 V is substantially higher than the |ΔVth(ex)| obtained
by extrapolation.

the pulse measurement and partially by using |Vg| = 1.2 V as
the sensing bias, rather than the conventional extrapolation to
|Vth| ∼ 0.4 V, as shown in our early works [4], [10].

III. RESULTS AND DISCUSSION

A. Inapplicability of the Vg Acceleration Prediction Technique

Fig. 4(a)–(c) shows the common procedure for predicting
lifetime: Multiple Vg accelerated tests were carried out, and the
lifetime τ at Vgop was estimated by an extrapolation against
Vgst. Vg acceleration is used to allow obtaining a reliable NBTI
kinetics within a practical length of stress time. The safety
margin of the prediction, however, is generally not known.
To assess the prediction safety margin, it is essential to be
able to directly measure ΔVth at Vgst = Vgop. As Vgop does
not proportionally reduce with the SiON thickness, the oxide
field during device operation has increased to such a level that
Fig. 4(a) shows that the ΔVth at Vgop = −1.2 V can now
reliably be measured. This allows comparing the measured
stress time for ΔVth to reach a given level under Vgst = Vgop

with that predicted by using Vg acceleration, so that the safety
margin of prediction can be estimated.

In Fig. 4(a), the last measured |ΔVth| reached 60 mV under
Vgst = Vgop, and if we use |ΔVth| = 60 mV to define lifetime,
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Fig. 4. Inapplicability of the Vg acceleration technique for predicting NBTI
lifetime at Vgop = −1.2 V measured by the UFP technique. (a) Dynamic
behavior of |ΔVth| under different stress biases Vgst is compared, and the
kinetics does not follow a simple power law. The horizontal dashed line
represents |ΔVth| = 60 mV that is used to define the lifetime. (b) and
(c) Measured lifetime is compared with the predicted one based on |Vgst|−α

and exp(−|Vgst|), respectively. The symbol ‘•’ represents the measured
lifetime under |Vgst| = 1.2 V. The solid line was obtained by fitting the data at
higher |Vgst|. The error in prediction is substantial.

the stress time for this last point will be the lifetime under
Vgop = −1.2 V. This measured lifetime is compared to the
prediction based on the Vg acceleration in Fig. 4(b) and (c).
Two popular Vg acceleration methods have been used in the
literature: |Vgst|−α [6], [7] and exp(−|Vgst|) [8], [9]. Fig. 4(b)
and (c) shows that there is a substantial difference between the
predicted and measured time, and therefore, Vg acceleration
cannot be used to predict lifetime in our case.

To analyze the reason for the inapplicability of the Vg accel-
eration technique, we will use the |Vgst|−α acceleration as an
example. The |Vgst|−α acceleration requires

|ΔVth| = B|Vgst|mtn (3)

where B is a constant for a given temperature. At a device
lifetime of t = τ , ΔVth reaches the specified ΔVth(τ), and
we have

log(τ) =
1
n

log
[
|ΔVth(τ)|

B

]
− m

n
log (|Vgst|) . (4)

Equations (3) and (4) require the log |ΔVth| ∼ log(t) being
shifted in parallel for different Vgst’s and the power factor
against time n, being insensitive to Vgst, so that log(τ) is
a straight line against log(|Vgst|). For the conventional ΔVth

measured by extrapolating the quasi-dc Id–Vg , Fig. 5(a) and (b)
shows that these requirements can be met, so that the prediction
agrees well with measurement in Fig. 5(c). Once the recovery
is suppressed and Vgop = −1.2 V is used as the sensing Vg ,
however, ΔVth in Fig. 4(a) no longer follows a simple power
law, and log |ΔVth| ∼ log(t) at different Vgst’s is generally not
a parallel shift. A clear example for the nonparallel shift is given
in Fig. 6. The Vgst effect can no longer be separated into a
“prefactor” like that in (3), and this explains the inapplicability
of the Vg acceleration technique to the case where recovery is
suppressed.

B. NBTI Kinetics at the Operation Gate Bias Based
on the UFP Measurement

Since ΔVth does not follow a simple power law against
stress time when recovery is suppressed, efforts should be made
to develop a model that can describe its dynamic behavior.
For the ΔVth under Vgst = Vgop = −1.2 V, Fig. 7 shows that
an outstanding feature of the kinetics is the presence of a
“shoulder.” This indicates that there is an initial period when
as-grown defects dominate, and the saturation of their charging
results in the “shoulder.” At longer stress time, generation of
new defects becomes increasingly important and is responsible
for the rise above the “shoulder.”

To support the aforementioned suggestion, two tests were
carried out. In the first test, we checked the effect of temperature
on the shoulder height. The saturation level of as-grown defects
should be insensitive to temperature [14], [15], and if it domi-
nates the shoulder, the shoulder height should be insensitive to
temperature. This is confirmed by Fig. 8. Fig. 8 also shows that
the rise above the shoulder is thermally activated, supporting
that defect generation is thermally accelerated.

In the second test, we compare the charging and discharg-
ing rates of the defect responsible for the shoulder. Early
works [15]–[18] identified three different types of positive
charges in the dielectric, i.e., antineutralization positive charges
(ANPCs), cyclic positive charges (CPCs), and as-grown hole
traps (AHTs), as illustrated by Fig. 9. ANPC has an energy
level above the bottom edge of silicon conduction band Ec,
making its discharging more difficult than charging. CPC has
an energy level close to Ec, and its charging rate is similar to the
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Fig. 5. Lifetime prediction by the Vg acceleration technique for the conven-
tional ΔVth (dc-ex) measured by extrapolating the quasi-dc Id–Vg . (a) ΔVth

(dc-ex) follows the power law. The horizontal dashed line represents |ΔVth| =
19 mV that is used to define the lifetime. (b) Power factor is insensitive to the
stress bias. The solid line represents the average power factor of n = 0.1926.
(c) Prediction (solid line) agrees with the measurement (symbol ‘•’).

discharging rate. In contrast, AHT is below the top edge of the
silicon valence band, and there are far more valence electrons
for discharging than hot holes required for charging. As a result,
AHT has the signature that discharging is much faster than
charging. Fig. 10 shows that, when the stress time corresponds
to the shoulder, the charging and discharging properties of the
defect agree with the signature of AHT, supporting that AHT
dominates the shoulder.

We now discuss how hot holes can be generated under a
modest bias of Vgop = −1.2 V. Hot holes can come from
three sources: First, the surface quantization effect gives energy

Fig. 6. Kinetics at different Vgst’s is not shifted in parallel for the UFP
ΔVth sensed at |Vg | = 1.2 V. The dashed curve was obtained by shifting the
symbol ‘×’ downward in parallel.

Fig. 7. Kinetic feature of the UFP ΔVth sensed at |Vg | = 1.2 V: a “shoulder.”
By combining the first-order model for AHTs with the power law for defect
generation, ΔVth can be fitted over ten orders of magnitude in time, as shown
by the solid line. The dashed lines show that ΔVth is initially dominated by
AHTs, but the generated defects become important at longer stress time.

Fig. 8. Effect of temperature on NBTI kinetics. The height of the shoulder is
insensitive to temperature, but the generation of defects above the shoulder is
thermally accelerated.

subbands [19], [20]. Although the hole density reduces as
the energy increases, there are holes in the higher subbands.
Second, process “a” in Fig. 11 shows that an electron tunneling
from the gate can recombine with a hole in the substrate, and
the released energy can create hot holes [21]. Third, it has
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Fig. 9. Energy band diagram of different types of positive charges. The
ANPCs have an energy level above the bottom edge of the silicon conduction
band Ec, making them difficult to neutralize. The CPCs have an energy level
near Ec, resulting in similar charging and discharging rates. The AHTs have an
energy level below the top edge of the silicon valence band Ev. Their charging
requires hot holes, leading to charging that is slower than discharging.

Fig. 10. Comparison of the charging and discharging rates for the as-grown
defects. The stress time is 2.6 s, which corresponds to the region where as-
grown defects dominate. The discharging under Vg > 0 is much faster than the
charging under Vg < 0, which is a unique signature of AHTs. The solid lines
are guides for the eye. It should be noted that the rapid discharging within 5 μs
observed here was achieved by applying a positive gate bias. For a normal NBTI
test, however, positive gate bias was not applied, and the AHT discharging at
Vg = −1.2 V within 5 μs was negligible [4], [10].

Fig. 11. Schematic showing the physical processes for generating hot holes
under Vg = −1.2 V. Process “a” shows that the energy released by the
electron–hole recombination in the substrate can create hot holes. Process “b”
shows that the photons emitted from the gate can be absorbed to generate hot
holes.

been proposed that photons can be emitted by electron–hole
recombination in the gate [22], as illustrated by process “b” in
Fig. 11. Holes can become hot by absorbing the photons.

On the kinetics, the charging of AHT generally follows the
first-order reaction model [23], [24], whereas the generation of

Fig. 12. Lifetime prediction based on the method proposed in [5]. All symbols
are test data, but only symbol “×” was used for fitting with a power law in
the range of 26.8 s < t < 2680 s. The thick dashed line is extrapolated from
the fitted line for prediction. τm is the time for the last test point, and τp

is the predicted time. τ is overestimated by a factor of 75 000.

Fig. 13. Lifetime prediction based on the method proposed in [27]. All sym-
bols are test data, but only symbol “×” was used for fitting. ΔVth(t) − ΔVth

(1 s) (symbol “+”) was fitted with a power law, and ΔVth(1 s) was then added
back. The dashed line is extrapolated for prediction. τm is the time for the last
test point, and τp is the predicted time. This method underestimates τ by a
factor of 10.

Fig. 14. Lifetime prediction based on our model: (5). The test data are the
same as those in Figs. 12 and 13, and only symbol “×” was used for fitting.
Our model substantially reduces the prediction error, and τp/τm = 1.03. The
test sample is a plasma-nitrided 1.85-nm SiON.
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Fig. 15. Applicability of the single-test lifetime prediction technique for different fabrication processes. (a) 1.4-nm plasma SiON. (b) 2.7-nm thermal SiON.
(c) 2.0-nm 45-s plasma SiON. (d) 2.0-nm 20-s plasma SiON. (e) 2.0-nm/1.0-nm HfSiON/SiON stack prepared by ALCVD with TiN gate. The safety margin for
the prediction is within 50% in all cases.

new defects follows a power law [5], [6], [25]. By combining
these two, we have

ΔVth = Atn + c(1 − e−t/t∗). (5)

For a given stress temperature and bias, A, n, c, and t∗ are
constants and were obtained by fitting test data with the least-
square errors, and their values are given in Table I. There is
only one n for the whole stress period, and this n is not the

slope of the data in Fig. 7, i.e., n �= d(log |ΔVth|)/d[log(t)].
Fig. 7 shows that (5) can model the “shoulder,” and this simple
physics-based model can fit the ΔVth over ten orders of stress
time. The two dashed lines represent the contribution from
AHT and generated defects, respectively. AHT clearly domi-
nates initially, but generated defects become more important for
longer stress time. On the nature of degraded defects, our early
works [12], [13], [15]–[18], [23], [24] show that both interface
states and new hole traps are created by stresses. The new hole
traps are further separated into ANPCs and CPCs, each with
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unique signatures. A detailed discussion, however, is out of the
scope of this work.

C. Lifetime Prediction Based on a Single Test

The Vg acceleration technique was developed for predicting
the lifetime caused by time-dependent dielectric breakdown
(TDDB) [26]. For TDDB, intrinsic dielectric breakdown gen-
erally does not occur within an affordable test time under the
operation bias, and multiple Vg accelerated tests are essen-
tial. For NBTI with a sensing |Vg| = 1.2 V based on UFP
measurement, we have shown that the prediction based on Vg

acceleration is inapplicable, and an obvious question is how to
assess lifetime in this case. One possibility is to use thermal
acceleration. Fig. 8, however, shows that log |ΔVth| at different
temperatures is not shifted in parallel, so that it does not offer
a reliable prediction method. Since ΔVth can be measured
at Vgop (Fig. 7), in principle, lifetime can be estimated by
extrapolating the ΔVth against stress time based on a single
test at Vgop. This requires a reliable kinetic model that can not
only fit the existing test data but also predict the future.

The affordable test time is typically on the order of days, and
the data were used to predict lifetime in years, so that a kinetic
model should have the ability to predict at least two decades
ahead. To test the prediction ability of a model, the test data
in the last two decades are not used for fitting the model, the
ΔVth at the last test point is considered as ΔVth(τ), and the
time for the last point is treated as the measured lifetime τm,
although τm is not the real device lifetime. The departure of
kinetics from a simple power law was noted in the past, and
suggestions were made on how the lifetime prediction method
should be modified to take this departure into account [5], [27].
One proposed method is only using the data with a stress time
of more than 10 s to fit the power law against time [5], but there
is no information on the prediction accuracy. Fig. 12 shows that
this method can overestimate τ by a factor of 75 000. Another
proposed method is to fit ΔVth(t) − ΔVth (1 s) with a power
law [27], but Fig. 13 shows that it underestimates τ by a factor
of 10. By applying our model of (5) to the same set of data,
Fig. 14 shows that good agreement is achieved between the
measurement and the prediction with τp/τm = 1.03.

D. Applicability of the Single-Test Prediction Method
for Different Processes

Although a good prediction is achieved in Fig. 14, it is
inadequate to demonstrate that a prediction method works for
one process. For a prediction technique to be useful, it must be
applicable to samples fabricated by a wide range of processes.
We now test its applicability for four other SiON layers with
different nitrogen concentrations and nitrided either by plasma
or thermally. Moreover, an ALCVD HfSiON/SiON stack is also
tested, and the thickness of these samples is given in Table I.
Fig. 15(a)–(e) shows that ΔVth follows (5) in all cases, although
the “shoulder” in some samples is less apparent. The prediction
achieved a safety margin of 50% or less in all the processes
tested, making us confident that the single-test technique is
generally applicable.

Table I shows that the fitted power factors for different
processes have a range of 0.07–0.36, which agrees with the
range reported by early works [28]–[34]. Early works reported
that the variation of power factor could come from two sources,
i.e., different hydrogenous species and different nitrogen den-
sities and distributions. On the hydrogenous species, it was
reported that the power factor for H+ [32], atomic hydrogen
[33], and H2 [34] is 0.5, 0.25, and 0.16, respectively. On the
nitridation effect, it was reported that an increase in nitrogen
reduces the power factor [28], [29]. Moreover, for the same area
density of nitrogen, the power factor of a thermally nitrided
SiON is typically lower than that of a plasma-nitrided SiON
[28]. The power factor in Table I agrees with these trends.
Sample A has the lowest nitrogen density and the highest power
factor. Sample C was thermally nitrided and has the lowest
power factor.

IV. CONCLUSION

This work has investigated the NBTI lifetime prediction in
the worst case scenario where the recovery is suppressed and
ΔVth is sensed at the operation gate bias. In this case, the
conventional Vg acceleration prediction is inapplicable, because
the NBTI kinetics no longer follow a simple power law, and
an increase in stress bias does not lead to a parallel shift of
log |ΔVth|.

To predict the lifetime at the operation gate bias based on the
UFP measurement, NBTI kinetics and defects are examined.
An outstanding feature of the kinetics is the presence of a
“shoulder,” which is insensitive to temperature and must be
dominated by the charging of as-grown defects. The charging
and discharging properties of the defect agree well with the
signature of AHTs. By combining the first-order model for the
AHTs and the power law for generating new defects, ΔVth can
be modeled over ten orders of stress time. This kinetic model
is then used to predict the NBTI lifetime, based on a single
test at the operation temperature and bias. For the six different
processes tested, the safety margin of the single-test prediction
technique is within 50%, which is substantially better than the
methods proposed in early works.
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