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Voltage-Dependent Activation Energy Maps
for Analytic Lifetime Modeling of NBTI

Without Time Extrapolation
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Abstract— To enable MOSFETs lifetime extrapolation
of up to 10 years, bias temperature instability (BTI) is
commonly accelerated via increased stress voltage and
increased temperature. We demonstrate that BTI can be
described by a unique activation energy map including the
voltage and temperature dependence of stress and recovery
and use capture and emission time maps to model the time
dynamics responsible for the threshold voltage shift of BTI.
Based on this approach, we present a new measurement
technique, further called temperature-acceleratedmeasure-
stress-measurements (TA-MSM) enabling lifetime modeling
of BTI without any time extrapolation. We show the appli-
cation of this technique to simulate standard qualification
measurements, fast wafer-level reliability measurements as
well as the degradation after ac and dc burn-in stress.
In addition,we show that the TA-MSM technique is a valuable
tool for the study of the permanent component and the
recently discovered reverse recovery effect.

Index Terms— Activation energy maps, bias temperature
instability (BTI), modeling.

I. INTRODUCTION

THERE have been numerous publications identifying
the negative bias temperature instability (NBTI) as

one of the most critical reliability issues for silicon-based
MOSFETs [1]–[3]. In a good approximation, NBTI can be
understood as the collective response of many independent
defects [4], [5]. The kinetics of these defects can be described
by capture and emission time (CET) constants for each indi-
vidual defect [6], where the time constants correspond to the
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reciprocal rates of chemical reactions [7]. The CET constants
are widely distributed, and the investigation of the physical
mechanisms of BTI requires stress and recovery times of sev-
eral decades in time (further called experimental window [9],
[10]). The experimental window is limited by the measurement
time available and the measurement delay introduced by the
measurement equipment (td ≈ 1 μs [11]). The temperature
dependence of individual defect time constants for capture and
emission follows the Arrhenius law [13]:

τ = τ0 · exp

(
Ea

kB T

)
(1)

with an activation energy Ea , Boltzmann’s constant kB , and
the characteristic temperature-independent constant τ0. For
recovery and degradation, it has been shown independently by
Pobegen and Grasser [14] that this temperature dependence
of the CET constants is also valid for a large ensemble of
defects. Following (1), we can calculate the change in defect
time constant τ1 to τ2 when changing the temperature from
T1 to T2

τ2 = τ0

(
τ1

τ0

) T1
T2 ; log(τ1/τ0)

log(τ2/τ0)
= T2

T1
. (2)

After the determination of τ0, the data recorded at a temper-
ature T1 can be drawn as a function of the time equivalent to
a temperature, refered to as temperature time Θ(T2) [15].

In Fig. 1(a), schematic for the temperature acceleration
of defects within the experimental window is illustrated. To
enlarge the equivalent measurement window, simply increas-
ing the temperature would accelerate both degradation and
recovery, the experimental window in Fig. 1 would shift
right/up. Thus, information about defects with short CET
constants [e.g., shorter than 0.1 ms at T = 100 ◦C (see red-
dashed area) with τ0 = 10−14 s] would be lost and would
move out of the experimental window. The measurement
technique introduced in Section II overcomes this drawback
and achieves measurement of the CET constants of 1 μs while
covering equivalent stress and recovery times of more than
10 years. The concept of activation energy maps is explained
in Section III. In Section IV, in contrast to Pobegen et al. [15],
we demonstrate for degradation and recovery simultaneously
that also for devices with a large number of defects and
widely distributed time constants, the temperature activation
of capture and emission follows the Arrhenius law. We further
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Fig. 1. Arrhenius temperature activation: the experimental window at
T = 100 ◦C with stress and recovery times up to 100 ks (blue). Performing
the same experiment at T = 200 ◦C shifts the CET constants into the
measurement window at T = 100 ◦C of more than 10 years. With a
limiting measurement delay of 1 μs, the shortest measurable equivalent
CET constant at T = 200 ◦C is 0.1 ms (red lines). The new measurement
technique (green-dashed lines) overcomes this drawback and covers
CET constants of 1 μs to more than 10 years.

present voltage-dependent activation energy maps including
Vstress ≤ Vuse enabling lifetime modeling of BTI without the
need of time extrapolation. In Section V, we compare fast
wafer-level reliability (fWLR) and burn-in stress measure-
ments with the derived analytic model and we will show the
usability of this technique to study the permanent component
of BTI.

II. EXPERIMENTAL DETAILS

Samples used were productive smart power pMOSFETs
(W = 10 μm and L = 130 nm) from a 130-nm technology,
with a 2.2-nm nitrided gate oxide. The electrical measurements
were performed with the ultrafast measure-stress-measure
technique as described in [11]. To achieve an acceleration
of the recovery and the ability to measure the capture and
emission of defects with short emission times, a small electric
oven has been constructed to perform temperature ramps.
A major part of the accelerated recovery actually occurs during
the temperature up-ramps after stress (see Fig. 3). Since Vth
itself is a function of the temperature and decreases during
the up-ramps, a first, prestress temperature ramp reference
trace is needed to calculate the difference between a recovery
trace after stress and the reference. The reproducibility of the
temperature during the up-ramps is ±0.1 K. With Vth(T ) =
0.96±0.05 mV/K, the accuracy of the �Vth due to temperature
changes is a factor of 10 below the measurement resolution
of 0.1 mV. The temperature-accelerated (TA) measurement
scheme illustrated in Fig. 2 with three different patterns has
been developed to extend the experimental time window of
degradation and recovery of 1 μs to more than 10 years with
the application of temperature ramps as presented in [12] as
follows.

1) For short stress times (below 1 ms), both the stress and
the recovery temperature remain constant (e.g., at T =
100 ◦C, further called reference temperature).

2) For medium stress times (below 10 ks), Trec = Tstress,
after 1000 s Trec is linearly increased by 100 K within
1000 s. Right before the next stress-recovery sequence,
the sample is cooled down (not drawn) to the reference
temperature.

Fig. 2. TA-MSM measurement scheme. (a) Short stress times: constant
Tstress = Trec. (b) Medium stress times: for the first 1000 s, the Trec
is kept constant and is subsequently linearly increased by 100 K
within 1000 s. Vth is a function of temperature and decreases during the
temperature ramp. Right before the next stress sequence, the sample
is cooled down. (c) Long stress times: increased Tstress. After stress,
the temperature is decreased to Trec while keeping the stress voltage
applied. The measurement scheme for the recovery is the same as for
medium stress times. The squares, triangles, and circles are indicated
in Figs. 3, 4, and 12, which measurement sequence has been applied.
During the up-ramps, the Vth itself decreases with the temperature.

3) To reduce the total stress time, Tstress is also increased.
After stress, the temperature is decreased to the reference
temperature while keeping the stress voltage applied
to prevent recovery during cool-down. As soon as the
reference temperature is reached, the same recovery tem-
perature pattern is applied as after medium stress times.

III. ACTIVATION ENERGY MAP

As demonstrated in [16], a wide range of experimentally
observed features of NBTI can be explained in an analyti-
cal form using CET maps. The CET map model is based
on a defect-centric model [7], [8] and assumes that the
thermally activated charge exchange of independent defects
lead to BTI. Charge exchange as well as first-order reac-
tions creating interface states can be described in agreement
with previous work by two bivariate Gaussian distributions
[6], [17]: one bivariate Gaussian distribution for the oxide
defects being mainly responsible for the recoverable compo-
nent and one distribution for the interface defects which are
mostly permanent in typical experimental windows [10], [18].
Main parameters of the analytic model are the mean values
of the capture and emission activation energies Eac and Eae

(μc and μe) with their standard deviations (σc and σe).
In addition, we observe an increase of the emission activation
energies Eae with larger capture activation energies Eac : Eae =
Eac + �Eae . The correlation of the standard deviations is
modeled as shown in [17] σ 2

e = rσ 2
c +σ 2

�e
, with a correlation

r = 1 for the recoverable and no correlation r = 0 for
the permanent component. Thus, the charged trap density
g(Ec, Ee) for each component is given as

g(Ec, Ee) = A

2πσcσ�e

· exp

(
− (Ec − μc)

2

2σ 2
c

− (Ee − (r Ec + μ�e))
2

2σ 2
�e

)

(3)
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Fig. 3. Real-time measurement data of TA-MSM measurement with
Vgs = −2 V and Tref = 100 ◦C. The 1Vth is obtained subtracting
the reference (including the temperature ramp) from the measurement
data. The squares, triangles, and circles correspond to the measurement
schemes shown in Fig. 2(a)–(c), respectively. Measurements with stress
times longer than 1 ms start with 1000 s recovery at T=100 ◦C, followed
by a linear temperature ramp within 1000 s from 100 to 200 ◦C and
further recovery at 200 ◦C. For the stress times up to 10 ks, the stress
temperature is T = 100 ◦C. The stress temperature is increased for
stress times larger than 10 ks up to T = 190 ◦C.

with the amplitudes Ar , A p (the amplitudes give the maxi-
mum obtainable degradation if all defects are charged). The
threshold voltage shift after a stress time ts and a recovery
time tr is the integral over all defects being charged up to the
stress time ts (τc < ts ) and not yet being discharged at the
recovery time tr (τe > tr ) [16]

�Vth(ts , tr ) =
∫ ∞

Ec=0

∫ ∞

Ee=0
P(ts , tr ) × g(Ec, Ee)dEedEc (4)

with the P(ts , tr ) defect occupancy map for each
stress/recovery time (see [19]). The activation energy
map is a temperature-independent map, while the CET maps
at constant temperature are calculated using 1 with one
characteristic temperature-independent constant τ0,r for the
recoverable and τ0,p for the permanent defects [14].

IV. ACCELERATED NBTI MEASUREMENTS

To calibrate BTI lifetime models, several measurements at
different temperatures are required. This is time consuming
and requires a large number of test devices. Therefore, we per-
form TA measure-stress-measurements (TA-MSM) at constant
stress voltage with linear temperature ramps as described
in Section II. The TA-MSM results for a stress voltage of
Vgs = −2 V are shown in Fig. 3 on a logarithmic time scale.
The reference temperature Tref = 100 ◦C is chosen to be
higher than the typical temperature for industrial applications
of T = 85 ◦C. Each measurement after stress starts with
1000 s recovery at T = 100 ◦C, followed by a linear temper-
ature ramp of 1000 s from 100 to 200 ◦C and further recovery
up to 20 ks at T = 200 ◦C. The stress temperature is increased
for stress times larger than 10 ks up to T = 190 ◦C (see Fig. 2).
Within the temperature ramp, an acceleration of the recovery

Fig. 4. Same measurement data (squares, triangles, and circles) as
shown in Fig. 3, but with the calculated equivalent recovery times at
T1 = 100 ◦C using the Arrhenius law [see (2)] with τ0 = τ0,p =
0.57 ns, and T2 = Tmeas for every change in temperature. The squares,
triangles, and circles correspond to the measurement scheme shown
in Fig. 2(a)–(c), respectively. The gray vertical dashed lines mark the
area of the temperature ramp. The analytic model fit for the recoverable
and permanent component, obtained from the activation energy map,
is shown as solid lines, the dashed lines correspond to the contribution
of only the permanent component.

TABLE I
ACTIVATION ENERGY MAP PARAMETERS OF FIG. 5

of about four decades in time is visible (highlighted area in
Fig. 3). We perform an automatized least-square minimization
to the measurement data of Fig. 3 with the analytic activation
energy map model (4). A summary of the fit parameters is
given in Table I with τ0,r = 55 fs for the recoverable compo-
nent and τ0,p = 0.57 ns for the more permanent component.
Therefore, we can show in Fig. 4 the same data set as in Fig. 3,
but with the equivalent recovery time Θ(100 ◦C) [see (2)]
with τ0 = τ0,p. The acceleration of the recovery during the
temperature ramp shown in Fig. 3 is stretched in time due to
the time-temperature transformation with the Arrhenius law.
The comparison of the measurement results (symbols) and
the analytic model (lines) shows a very good agreement in
the extremely wide time window of up to 10 years equiva-
lent time Θ(100 ◦C). The applicability of this measurement
acceleration has been shown by Puschkarsky et al. [12]
with a very high agreement of the calibrated model with MSM
measurements at constant temperatures.

The defect density as a function of the activation energy for
charge capture and emission obtained is shown in Fig. 5(a)
with the parameters (see Table I) solely obtained from the
measurement data shown in Fig. 3. The square indicates the
measurement range in the energy space of the TA-MSM
measurements of Fig. 3. A recovery time of 100 ks at T =
200 ◦C corresponds to an activation energy of 1.65 eV or more
than 108 s at T = 100 ◦C. The distribution of the permanent
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Fig. 5. Activation energy and CET maps extracted from the data of
Fig. 3 for Vgs = −2 V). All maps are shown on a logarithmic color scale, 0
corresponds to a1Vth of 100 mV/10−4 eV2. (a) Activation energy map for
the recoverable and permanent component. White square: experimental
window of Fig. 3. (b) CET map at T = 100 ◦C calculated from (a) with
the typical experimental window for constant temperature measurements
(dashed square) and the experimental window achievable with the
acceleration (solid square). (c) Activation energy map of the recoverable
component. (d) Distribution of the activation energies of the permanent
component.

component, shown in Fig. 5(d), is located at high capture acti-
vation energies and high emission activation energies, whereas
the recoverable defects, shown in Fig. 5(c), have smaller and
correlated capture activation and emission activation energies.
In Fig. 5(b), the CET map at T = 100 ◦C is shown, using τ0,p

for the calculation of the CETs. The dashed lines indicate the
measurement window for constant temperature measurements
at T = 100 ◦C. With this accelerated measurement technique,
only one measurement has to be performed per stress/recovery
voltage. As shown in Fig. 4, most of the recovery acceleration
occurs during the temperature ramp, therefore, the additional
recovery time after the highest temperature has been reached
can be further reduced. The required measurement time for the
accelerated activation energy map can, therefore, be reduced
to less than 10 h, whereas traditional constant temperature
measurements with the same measurement window would
require at least 100 h of measurement time and minimum three
different stress temperatures.

A. Voltage Dependence of the Activation Energy Map

Due to the reduced time effort, we are able to per-
form accelerated measurements at five different stress volt-
ages (Vgs,stress = [−1,−1.5,−1.8,−2,−2.2]V, measurement
scheme is as same as in Fig. 3) to obtain the stress voltage
dependence of the activation energy maps. For each stress
condition, a new sample is used. As shown exemplary in
Fig. 6 for tr = 1 μs, �Vth increases exponentially with

Fig. 6. Voltage-dependent TA-MSM: Threshold voltage shift with
equivalent stress time (see temperatures in legend of Fig. 4) for different
stress voltages shown with a recovery time of 1 μs (at T = 100 ◦C). The
analytic model fit with the same voltage dependent activation energy map
for all stress voltages is shown as solid lines.

Fig. 7. Voltage-dependent TA-MSM: Threshold voltage shift with equiv-
alent recovery time after tstress,equiv = 108 s for different stress voltages.
The analytic model fit (permanent and recoverable components) with the
same voltage-dependent activation energy map for all stress voltages,
is shown as solid lines; the dashed lines correspond to the contribution
of only the permanent component.

stress voltage and the dependence on the stress time remains
roughly constant. In addition, the dependence of �Vth on the
recovery time (see Fig. 7) for all five stress voltages already
indicates that the distribution of the CET constants does not
change significantly with the stress voltage, while the number
of active traps increases. To model this voltage dependence,
we extended the model for the activation energy maps: The
amplitudes of each component (Ar and A p) are modeled as
A = (Vstress/V0)

m with the constants m and V0 [16]. Further-
more, previous studies on individual defects on Si [13] have
shown that the mean value μc of each distribution is expected
to linearly decrease with increasing stress voltage (capture
times decrease with increasing stress voltage). We thus model
the linear decrease with increasing stress voltage of μc by
μc = μ(c,0) + kVstress, where μ(c,0) denotes the mean value of
the activation energy constants for the charge capture at 0 V
and k is the voltage acceleration constant. We observe that
the emission times remain unaffected by the stress voltage,
accordingly, we model: μ�e = μ�(e,0) − kVstress. The fits
with the voltage-dependent activation energy map (lines in
Figs. 6–8) show a very good agreement with the measurement
data (circles). The obtained parameters for the amplitude are
V(0,r) = −4.77, V(0,p) = −4, and mr = 3, m p = 2.8. The
voltage dependence of the mean values (kr = 0.01 eV/V and
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Fig. 8. Voltage-dependent TA-MSM: Threshold voltage shift with stress
voltage after different stress times and trec = 1 μs. The analytic model
fit (permanent and recoverable component) for each stress time with the
same voltage-dependent activation energy map for all stress voltages is
shown as solid/dashed/dotted line, respectively.

Fig. 9. Differential activation energy map obtained with the measure-
ments shown in Fig. 6, showing the contribution of defects being activated
within a change of stress from Vgs = V1 to Vgs = V2. All maps
are shown on a logarithmic color scale, 0 corresponds to a 1Vth of
100 mV/10−4 eV2. (a) V2 = −1.1 V, V1 = −1 V and (b) V2 = −2.1 V,
V1 = −2 V.

k p = 0 eV/V) is weak compared to the bias dependence of the
individual traps [16]. The reason for this is that with different
gate bias also the energetically available traps in the oxide
change [18].

To calculate the threshold voltage shift after arbitrary stress
signals differential activation energy maps can be used. The
differential activation energy map shows the defect addition-
ally contributing to the threshold voltage shift when changing
the stress voltage from V1 to V2, g(Ec, Ee)diff = g(V2) −
g(V1). In Fig. 9(a) and (b), differential activation energy maps
are shown for V1 = 1 V, V2 = 1.1 V, and V1 = 2 V,
V2 = 2.1 V. Comparing Fig. 9(a) and (b), we observe a
stronger voltage dependence of the amplitude for the more
permanent component than for the recoverable component.
Increasing the stress voltage, we observe a change in the
capture of activation energies for the recoverable component,
whereas no shift for the permanent component is observable
(dashed lines as a guide to the eyes).

V. APPLICATION

The measurement technique and the obtained activation
energy maps presented here have a wide application spectrum.
We present two applications, one for the comparison of fWLR
data with standard qualification measurements and one for
the modeling of burn-in stress. The standard lifetime models

Fig. 10. Comparison of three different measurement techniques after the
same NBTI stress at T = 175 ◦C, Vgs = −2.2 V. (a) fWLR measurement
with the resistive heater Trec = 30 ◦C with td = 10 ms. (b) qualification
measurement at Trec = 175 ◦C with td = 10 ms and measurements with
the fast measurement technique at Trec = 175 ◦C and td = 2 μs. Solid
lines: simulated results obtained from the activation energy map.

obtained from qualification measurements cannot be used
to calculate the fWLR drift limits due to the lack of cali-
brated models considering different measurement times and
stress/recovery temperatures of qualification and fWLR mea-
surements. Since fWLR measurements need to be quickly per-
formed, stress times are limited to less than 1000 s. To obtain a
measurable degradation, the temperature acceleration is often
higher than during the standard qualification measurements.
For fWLR measurements, standard measurement equipment
with a measurement delay of td ≈ 10 ms is used, therefore it
is crucial to reduce the amount of recovery within the measure-
ment delay. A commonly applied technique is the use of resis-
tive heaters [20] to perform the stress at high temperatures and
measure the recovery at low temperatures. The stress voltage
is kept applied until the heater is switched OFF, and the sample
is cooled down to chuck temperature within seconds [21].
In Fig. 10, we compare three different measurement tech-
niques with different equipment and Vgs = −2.2 V and
Tstress = 175 ◦C: 1) fWLR measurement with the resistive
heater (Trec = 30 ◦C and td = 10 ms, blue circles); 2) standard
qualification measurement (td = 10 ms and Trec = 175 ◦C,
red triangles); and 3) the ultrafast measurement equipment
(td = 2 μs and Trec = 175 ◦C, red squares). The activation
energy map model (solid lines) in Fig. 10 shows a very good
agreement with all three measurements and demonstrates the
good accuracy of this approach. For the first time, the fWLR
data and the standard qualification measurement data are
comparable using the activation energy maps. This enables
that fWLR drift limits for the fabrication can be obtained from
standard qualification measurements.

The second application is for the modeling of burn-in stress.
A burn-in test is a test to screen weak components that would
fail during the qualified lifetime. Therefore, the components
are stressed under high bias up to 48 h. The threshold voltage
shift under such a burn-in test is shown in Fig. 11 for three
different burn-in stress conditions. For all three tests, the stress
time is 100 ks, Tstress = 150 ◦C, and Vgs = −2.2 V. Since in
standard burn-in tests, the stressed devices are taken out of
the oven after 1 h recovery at T = 150 ◦C and cooled down
to T = 30 ◦C, we compare the recovery of the threshold
voltage shift after dc stress for two recovery conditions:
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Fig. 11. Measurements and simulation of the recovery of the threshold
voltage shift after burn-in stress with Vgs = −2.2 V, Tstress = 150 ◦C with
the x-axis the equivalent recovery time Θ(30 ◦C). Blue: stress voltage
applied during cool-down, recovery at Trec = 30 ◦C. Θ(30 ◦C) corre-
sponds to the actual measurement time. Red: Tstress = Trec =150 ◦C.
Orange: recovery of the threshold voltage shift after 100 ks square wave
ac stress at Tstress = 150 ◦C with Vgs, low = −2.2 V and Vgs, high = 0 V
with a duty cycle of 0.5 and a frequency of 100 kHz. The solid (sum of
permanent and recoverable component) and dashed (only permanent
component) lines are simulated using the activation energy map.

1) Trec = 30 ◦C with applied stress voltage during cool-
down (blue dots) and 2) with the recovery at Trec = 150 ◦C
(red dots). After 1-h recovery at Trec = 150 ◦, the sample is
cooled down to Trec = 30 ◦C, but since more than 108 s of
equivalent recovery time Θ(30 ◦C) already passed, no further
recovery is observed within the next 24 h. The solid (sum
of permanent and recoverable component) and dashed (only
permanent component) lines are simulated using the activation
energy map. The measurement delay at Trec = 150 ◦C is the
same as for Trec = 30 ◦C, but since the recovery temperature is
higher, the recovery is accelerated and the shortest measurable
equivalent recovery time Θ(30 ◦C) increases from td = 1 μs
to td = 20 ms.

The comparison of the dc measurements at Trec = 30 ◦C
and Trec = 150 ◦C shows that with the lower recovery
temperature up to four decades of measurement time are
gained. Furthermore, the recovery of the threshold voltage shift
after ac stress at Trec = 150 ◦C is shown (orange dots). The
degradation after a 100-ks ac burn-in stress Tstress = 150 ◦C
with a 100-kHz square wave signal with Vgs,low = −2.2 V
and Vgs,high = 0 V, and a duty cycle of 0.5 is significantly
lower compared to the dc stress. The permanent component
dominates the threshold voltage shift, and thus, even at a
recovery temperature of Trec = 150 ◦C only a small portion
of recovery can be observed. All simulations show a very
good agreement with the three measurements and can be
used to compare burn-in measurements during fabrication with
lifetime models obtained during qualification.

VI. INVESTIGATING THE PERMANENT

COMPONENT OF NBTI
�Vth after NBTI stress typically decreases monotonically

with recovery time. Under special stress and recovery con-
ditions, irregularities during the recovery have been obser-
ved [23]. This so-called reverse recovery behavior appears at
high-stress temperatures (T > 200 ◦C), long stress times,
and after long recovery times (ts ≈ tr ≈ 100 ks). The
TA-MSM technique has been used to accelerate and study
this phenomenon. In Fig. 12, the degradation after different

Fig. 12. Accelerated MSM measurement with Vgs = −1 V,
Tref = 200 ◦C. Each measurement after stress starts with recovery
at T = 200 ◦C of 100 s, followed by a linear temperature ramp within 500 s
from 200 °C to 250 ◦C and further recovery of up to 50 ks at 250 ◦C.
Squares and triangles: measurement scheme shown in Fig. 2(a) and (b).
Red dark curve: degradation after 100 ks without temperature accelera-
tion and Tstress = Trec = 200 ◦C.

stress times with Tstress = 200 ◦C and Vgs = −1 V is shown.
After 100-s recovery at Trec = 200 ◦C, the temperature is
linearly increased from 200 °C to 250 ◦C within 500 s. The
x-axis is the temperature-time Θ(200 ◦C) calculated with the
previously obtained τ0,p of 0.57 ns. For the > 10-ks stress
measurements, the recovery starts to turn around, as poststress
degradation builds up. This reverse recovery effect increases
with increasing stress time. We compare the degradation after
100 ks without temperature acceleration and Tstress = Trec =
200 ◦C (dark red) with the accelerated reverse recovery during
the temperature ramp (light red). The recovery measurement
at constant temperature and the recovery measurement with
the temperature ramps are fully equivalent for Θ(200 ◦C)
calculated with τ0,p . This indicates that the more permanent
defects are involved in this process. To conclude, instead of
waiting months to fully observe the reverse recovery effect,
temperature acceleration can also be used to accelerate this
phenomenon which therefore makes it an invaluable tool to
further investigate the permanent component of NBTI. Most
importantly, while interesting from a physical perspective,
we recall that this phenomenon is not observed at normally
used stress temperatures below T = 200 ◦C and is not
observed in our accelerated MSM measurements, and there-
fore, also not included in our activation energy maps. This
effect does not influence our lifetime calculations, because the
effect occurs after the end of life of, e.g., 10 years for typical
industrial use temperatures below T = 150 ◦C [23].

VII. CONCLUSION

For the first time, temperature acceleration of NBTI for
both stress and recovery has been considered together leading
to a unified activation energy map. We demonstrate a new
temperature acceleration technique which can significantly
reduce measurement time effort by, e.g., a factor of 10 (T =
100 °C–200 ◦C). For the TA-MSM technique, no polyheater
structures are needed and the number of samples compared to
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MSM measurements at constant temperatures can be reduced.
This measurement technique enables lifetime calculation of
NBTI without gate voltage acceleration and time extrapola-
tion solely with temperature acceleration. In addition, it is
possible to perform measurements within an acceptable effort
to obtain the full gate and recovery voltage dependence over
the whole transistor lifetime for the use in circuit simulators.
We show the application of the activation energy map model
for the simulation of standard qualification measurements,
fWLR resistive heater measurements, and burn-in stress tests.
Before this investigation, a comparison of fWLR, burn-in tests,
and qualification measurement was nearly impossible due to
different temperatures, measurement times, and measurement
schemes. Furthermore, the presented acceleration technique
enables the study of the permanent component of NBTI and
the recently discovered reverse recovery effect with acceptable
measurement time effort.
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