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I. I NTRODUCTION

I

N the past decades the negative bias temperature instability
has been one of the most critical reliability issues for
silicon-based MOSFETs [1]–[3]. The negative bias temperature instability can in good approximation be understood as
the collective response of independent defects and the kinetics
of the defects can be described by a capture and emission
time constant for each individual defect [4], which correspond
to the reciprocal rates of chemical reactions [5]. The investigation of the physical mechanisms of BTI requires stress
and recovery times covering several decades in time (further
called experimental window), limited by the measurement
equipment (≈ 1 µs measurement delay) and the measurement
time available [6]. Numerous studies have shown that oxide
and interface defects contribute to BTI. Furthermore, there
is evidence, that oxide defects are mainly responsible for
the recoverable component of BTI and interface defects are
mostly permanent in typical experimental windows [7], [8].
The temperature dependence of the individual defect time
constants is given by the Arrhenius law [9]:


Ea
τ = τ0 · exp
(1)
kB T
with an activation energy Ea , Boltzmann’s constant kB and
the time constant τ0 . Pobegen et al. [10] have shown, for
recovery and degradation independently, that this temperature
dependence of the capture and emission time constants is also
valid for a large ensemble of defects. Following equation 1 we
can calculate the defect time constant change when changing
the temperature. With this assumption and the identification of
τ0 data recorded at a reference temperature Tref can be drawn
as a function of the time equivalent to a temperature, called
the temperature-time θ(T ). A schematic for the temperature
acceleration of defects within the experimental window is
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Abstract—Accelerating Bias Temperature Instability (BTI)
through temperature activated charge trapping and chemical
reactions is commonly used during qualification measurements of
MOSFETs to enable lifetime extrapolation of typically up to ten
years. Capture and emission time (CET) maps extracted from
measurement data at constant temperatures are used to model the
time dynamics responsible for the threshold voltage shift of BTI.
We demonstrate a new measurement technique for the acquisition
of CET maps and show that Arrhenius temperature activation is
valid for a large number of defects and can be described by an
activation energy map. The goal of the temperature accelerated
MSM technique is to extend the experimental time window
of degradation and recovery to more than 10 years without
requiring voltage acceleration and time extrapolation.
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Fig. 1. Arrhenius temperature activation: The experimental window at
T =100◦ C is shown in orange, with stress and recovery times up to 100 ks.
Performing the same experiment at T =200◦ C shifts the long capture and
emission time constants equivalent to T =100◦ C of up to 10 years into
the measurement window. The most important drawback is that with a
limiting measurement delay of 1 µs, the shortest measurable equivalent capture
and emission time constant at T =200◦ C is 20 µs (red lines). The new
measurement technique (dashed green lines) overcomes this drawback and
achieves measurement of the capture and emission time constants of 1 µs and
with the temperature acceleration measurement of equivalent time constants
of more than 10 years.

illustrated in Fig. 1. With recovery and stress times of 1 µs up
to 100 ks at T =200◦ C, the equivalent measurement window
at T =100◦ C ranges from 20 µs up to 10 years. At T =200◦ C
information from defects with equivalent capture and emission
time constants below 20 µs at T =100◦ C is lost.
The measurement technique introduced in Chapter II, overcomes this drawback and achieves measurement of the capture and emission time constants of 1 µs while keeping the
advantage of the temperature acceleration and reaching time
constants equivalent to T =100◦ C of more than 10 years
(dashed green lines). We will show in Chapter III for NBTI
degradation and recovery, 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. The threshold voltage shift after NBTI stress
and recovery at three different temperatures can be modeled
with a single activation energy map using the Arrhenius
temperature activation. In contrast to the work of Pobegen et
al., we model both degradation and recovery simultaneously
[10] and present an activation energy map. It includes the
temperature dependence of the defect time constants for the
recoverable component with the unique time constant τ0,r and
the permanent component with the unique time constant τ0,p .
In Chapter IV, we present temperature accelerated MSM (TAMSM) results enabling lifetime modeling of NBTI without the
need of time extrapolation.
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II. E XPERIMENTAL DETAILS
Samples used were pMOSFETs (W=10 µm, L=130 nm)
from a 130 nm technology, with a 2.2nm nitrided gate oxide.
The electrical measurements were done using our ultra-fast
MSM measuring technique as described in [6]. Due to thermal
expansion of components such a measurement is challenging
to perform on wafer-level. Therefore an electric oven has
been constructed to house the transistor (within the ceramic
package) between two aluminum half shells. The temperature
of the aluminum half shells is controlled and stabilized via
a Pt-1000 thermometer, mica heaters and a PID-controller.
Cooling is done with compressed, cooled air. To achieve an
acceleration of the recovery and still being able to measure
the capture and emission of defects with short emission times,
linear temperature ramps are performed.
A major part of the accelerated recovery actually occurs during
the up-ramps of the temperature (see Fig. 5). Thus the ∆Vth ,
the difference between a given recovery trace and the first,
pre-stress reference trace, needs to be recorded during the upramps. This is necessary since Vth is a function of temperature
and decreases with a rate of 0.96 ± 0.05 mV/K. As the error in
the absolute value of the temperature is not relevant, an error
below ±1 K is fully sufficient, while a steady-state temperature
stability of ±1 mK is desirable. The measurement scheme for
the accelerated acquisition of CET-maps is illustrated in Fig. 2.
As explained in Fig. 1 the goal is to extend the experimental
time window of degradation and recovery to more than 10
years. Simply increasing the temperature would accelerate
both degradation and recovery; the experimental window in
Fig. 1 would shift right/up; thus information about defects
with short capture and emission time constants would be lost.
This is why a more sophisticated scheme has been developed.
Fig. 2:a): For short stress times (below 1ms), both the stress
and the recovery temperature remain constant. For medium
stress times (below 10 ks, Fig. 2 b), the recovery temperature
remains constant for the first 1000 s and is afterwards linearly
increased by 100 K within 1000 s. Right before the next stressrecovery sequence, the sample is cooled down to the base
temperature. To reduce the absolute stress time (Fig. 2 c),

a) Short stress times: b) Medium stress times: c) Long stress times:
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(Ec − µc )2
(Ee − (rEc + µ∆e ))2
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−
.
2
2σc2
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g(Ec , Ee ) =

The integral of the activation energy map 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 ) gives
the threshold voltage shift. The activation energy map is a
temperature-independent map and the capture and emission
time maps at constant temperature result using equation 1
with one characteristic temperature-independent constant τ0,r
for the recoverable and τ0,p for the permanent defects [10].
IV. MSM MEASUREMENTS AT CONSTANT TEMPERATURE

Vgs

stress
recovery

A wide range of experimentally observed features of NBTI
can be explained in an analytical form using capture and emission time maps [11]. The analytic CET map model assumes,
that the thermally activated charge exchange of independent
defects leads to BTI. Charge exchange as well as first-order
reactions creating interface states can be described consistently
with previous work as two bivariate Gaussian distributions [4].
One bivariate Gaussian distribution models the oxide defects
being mainly responsible for the recoverable component and
the other defect distribution models the interface defects which
are mostly permanent in typical experimental windows [7], [8].
The 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, the emission activation energies (Eae ) increase with
larger capture activation energies (Eac ): Eae = Eac + ∆Eae .
The implicit correlation between the standard deviations σe2 =
2
rσc2 + σ∆
as explained in [12] is used, with the correlation
e
parameter r = 1 for the recoverable component and r = 0
for the permanent component. Thus the charged trap density
g(Ec , Ee ) with amplitudes Ar , Ap for each component is given
by:
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the stress temperature is also increased. The temperature is
decreased again after the stress to the base temperature keeping
the stress voltage applied. The recovery temperature pattern is
the same as for the medium stress times.
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Fig. 2. Measurement scheme: a) Short stress times: Recovery and stress
temperature is constant. b) Medium stress times: For the first 1000 s the
recovery temperature is kept constant and is afterwards 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 stress temperature. After stress,
the temperature is decreased to the recovery temperature keeping the stress
voltage applied. The measurement scheme for the Vth recovery is the same
as for medium stress times. The squares, triangles and circles indicate in Fig.
5 and 6, which measurement sequence has been applied.

The recovery of the threshold voltage shift ∆Vth after
different stress times at three different temperatures T =100◦ C,
T =150◦ C, T =200◦ C is shown in Fig. 3. The acceleration of
NBTI by higher temperatures is clearly visible as increased
∆Vth . The comparison of the ∆Vth described by the analytic
CET map model (marked as solid lines in Fig. 3) with the
experimental data of the three temperatures shows excellent
agreement for all temperatures, stress and recovery times.
The dashed lines correspond to the contribution of only the
permanent component. In Fig. 4 a), the activation energy map
with the normalized defect density is shown in dependence of
the capture and emission activation energies. The distribution
of the permanent component, shown in Fig. 4 d), is located
at high capture activation energies and increasing emission
activation energies, whereas the recoverable defects, shown
in Fig. 4 c), have smaller capture as well as smaller emission
activation energies. Fitting the experimental data, we obtain the
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Fig. 3. MSM sequences at T =100/150/200◦ C with Vgs = −2 V, Vrec = −0.3 V for stress times of 1 µs to 100 ks. The common activation energy map
shown in Fig. 4 is used for the analytic model of all measurements. The comparison of the experimental data (circles) with the analytic model shows excellent
agreement (solid lines: the sum of the recoverable and permanent component and the dashed lines: the contribution of only the permanent component).

a)

characteristic temperature-independent constant τ0,r = 55 fs
for the recoverable and τ0,p = 0.57 ns for the permanent
component. The squares in Fig. 4 a) mark the measurement
windows in the energy space of the MSM measurements
of Fig. 3. An activation energy of 1.6 eV corresponds to
an emission time constant of 100 ks at T =200◦ C which is
equivalent to 108 s at T =100◦ C. This enables modeling 10
years of NBTI stress and recovery based on measurement
data without lifetime and voltage extrapolation. In Fig. 4 b) the
defect density of the capture and emission times at T =100◦ C
is shown (calculated with τ = τ0,p ). With the constant temperature measurements, we have shown that the Arrhenius law
for the change of the defect time constants with temperature
can be considered together for stress and recovery using a
unified activation energy map with temperature-independent
time constants τ0,r and τ0,p for the recoverable and permanent
component.
V. T EMPERATURE ACCELERATED MSM MEASUREMENTS
Performing several measurements at constant temperature is
time and test device consuming. Therefore temperature accelerated measurements (TA-MSM) are performed (see Fig. 2)
at a base stress temperature of T =100◦ C followed by a linear
temperature ramp from 100 − 200◦ C. The stress temperature
is increased for stress times larger than 10 ks up to T =190◦ C.
The accelerated NBTI measurement results at constant stress
voltage are shown in Fig. 5. Within the temperature ramp a
huge acceleration of the recovery is visible (highlighted area
in Fig. 5). Fig. 6 shows the same data set as in Fig. 5, but
with the equivalent recovery time Θ(100◦ C) calculated using
the Arrhenius law (see equation 1) with τ0 = τ0,p = 0.57 ns,
T1 =100◦ C and T2 =Tmeas for the change in temperature. The
measurement data is displayed as open circles in Fig. 6.
The huge acceleration of the recovery seen in Fig. 5 is
stretched in time due to the time transformation with the
Arrhenius law. As can be seen, the degradation is continuously
recovering without a change of slope. The comparison of
the measurement results and the analytic model shows a
very good agreement in the extremely wide time window
of up to 10 years equivalent time θ(T = 100◦ C). The
activation energy map shown in Fig. 4, is obtained from the
accelerated MSM measurements with continuous temperature
change describing all stress/recovery and temperature dependencies of the measurements shown in Fig. 5. In addition
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Fig. 4. a) The activation energy map extracted from the data of Fig. 5
(Vgs = −2 V) containing all temperature dependent information. The
threshold voltage shift obtained from this activation energy map is also
a good fit to the data shown in Fig. 3. All maps are normalized using
log10 (1 + κ · gmax )/log10 (1 + κ), with gmax the maximum of the defect
density of the sum of the recoverable and permanent component with κ = 100
to emphasize all details [11]. The squares show the experimental windows
from the MSM measurements of Fig. 3 (yellow=100◦ C, orange=150◦ C,
red=200◦ C). b) The capture and emission time map calculated from a) at
T =100◦ C, with the yellow square marking the actual measurement window. c)
The activation energy map, showing only the capture and emission activation
energies of the recoverable component, whereas in d) the distribution of the
activation energies of the permanent component are shown.

to describing the accelerated data, our model also provides
a good description for the MSM measurements at constant
temperature shown in Fig. 3. Due to the linear temperature
ramp, not only discrete temperatures are included in the model.
The continuous change in temperature during the recovery
increases the model accuracy (least square optimum) by a
factor of two for all measurements compared to the map
obtained using only the constant temperature measurements.
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Fig. 5. Accelerated MSM measurement with Vgs = −2 V, base temperature
T =100◦ C. The ∆Vth is obtained subtracting the reference (including the
temperature ramp) recorded before the stress from the measurement data.
The squares, triangles and circles correspond to the measurement scheme
shown in Fig. 2 a)-c), respectively. Measurements with stress times longer
than 1 ms start with recovery at T =100◦ C of 100 s, followed by a linear
temperature ramp within 1000 s from 100−200◦ C and further recovery of up
to 20 ks at T =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 TA-MSM technique, only one measurement has to
be performed per stress/recovery voltage, which speeds up
measurement time by at least a factor of 10 to obtain the
same measurement window with MSM measurements at three
constant temperatures.
VI. C ONCLUSIONS
For the first time, temperature acceleration of NBTI for
stress and recovery have been considered together leading
to a unified activation energy map with the characteristic
temperature-independent constants for the recoverable and
permanent component. In this paper, we demonstrated a new
measurement technique using temperature ramps. For the TAMSM technique no resistive heater structures are needed [13],
[14] and the number of samples and the measurement time
compared to MSM measurements at constant temperatures can
be significantly reduced. Furthermore, this approach makes it
possible to study many samples at the same stress conditions
obtaining information about the degradation induced variability over the transistor lifetime without gate voltage acceleration
and time extrapolation. In addition, the TA-MSM technique
provides an implicit check for the assumption of Arrhenius
activated individual traps. The application of the presented
technique can be used to study the permanent component of
NBTI and the recently discovered reverse recovery effect [15].
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