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Abstract
Measuring the degradation of modern devices subjected to

bias temperature stress has turned out to be a formidable
challenge. Interestingly, measurement techniques such as fast-
Vth, on-the-fly ID,lin, and charge-pumping give quite different
results. This has often been explained by the inherent recovery
in non-on-the-fly techniques. Still, all these techniques deliver
important information on the degradation and recovery be-
havior and a rigorous understanding linking these results is
still missing. Based on our detailed studies of the recovery,
we propose a new measurement technique which allows the
simultaneous extraction of two distinctly different components,
a fast universally recovering component and a slow, nearly
permanent component.

Introduction
The degradation in transistor parameters accumulated during

bias temperature stress is commonly described by a shift of the
drain current or threshold voltage as a function of stress time
[1]. Once the stressing conditions are removed, rapid recovery
sets in, making the measurement of the true degradation
extremely challenging. Several measurement techniques have
been developed and improved recently in order to determine
the real shifts as accurately as possible, including ultra-fast Vth
measurements [2], ultra-short pulse IDVG techniques [3], on-
the-fly (OTF) techniques [4]. From these investigations inter-
face states and trapped positive charges have often been given
as the most likely candidates causing degradation [2, 3, 5].
Consequently, additional techniques such as charge-pumping
(CP) and DCIV techniques methods have been used to directly
assess the interface state density [5, 6]. However, it is unclear
how to relate the data obtained from the various techniques,
whether they see two different or a single component in
different forms, and – provided there is more than one – which
component they actually measure [5, 7].

Analysis of Recovery
We propose a measurement technique based on the mea-

sure/stress/measure approach (MSM) which simultaneously
observes two distinctly different components contributing to
BTI: a large and recoverable component R which is extracted
on top of a permanent component P. The existence of two
components is consistent with a growing number of recent
publications [5, 7, 8] and we link the results obtained from
our methodology to reports in the literature.

Our technique is based on the universality of BTI recovery
which has previously been observed for the recovery of the
NBTI degradation in pMOSFETs [9, 10]. Here we show that
this universality equally holds for NBTI/PBTI stress in pMOS

and nMOS transistors: When relaxation data collected after
different stress times ts,i are normalized to the last respective
stress value and the relaxation times are normalized to the last
stress times, all normalized data line up on a single universal
curve, described by the universal relaxation function eq. (2).
In conventional MSM measurements the last stress values are
not directly available due to the immediate recovery but can
be extrapolated using this universality [10]. Recently acquired
more detailed data strongly indicate [11] that in addition to this
universally recovering component R an additional permanent
component P exists, which was only vaguely detectable in the
previously available relaxation measurements [10]. However,
due to limited data, the P component was incorrectly assumed
to follow a power-law time dependence in [10].

In order to study this significant component more thor-
oughly, we have collected a large number of detailed relax-
ation data under various bias, duty factor, and temperature
conditions using devices with plasma nitrided oxides from
two foundries (EOT = 1.4nm and 2.2nm). Furthermore, two
different measurement techniques (on-the-fly ID@VG ≈ Vth
[12] and fast-direct Vth [2]) were employed, yielding basically
the same result.

Our measurement sequence is illustrated in Fig. 1: N relax-
ation sequences are collected in a single measurement (at given
VG and T ) on a single device by interrupting the stress phase N
times, with a last long relaxation sequence in the end [2, 10]. In
an optimization loop the two components R and P are extracted
by first subtracting the yet to be determined permanent parts
Pi of all N individual relaxation sequences following eq. (1)
and mapping the remainder of the relaxation sequences on the
universal relaxation curve eq. (2). This requires the extraction
of N + 2 model parameters, 2 for the universal component R
and N for the detailed information on P. These N samples of
the permanent component Pi at each stress time ts,i allow a
detailed study of the time dependence of P.

Discussion

The application of this technique is shown in Fig. 2 using
N = 9 relaxation sequences obtained by fast direct ∆Vth mea-
surements [2] (tM ≈ 1 µs). The relaxation data clearly levels
off, indicating the existence of a permanent or slowly relaxing
component. Although the extracted stress-time dependence of
P may appear to initially follow a power-law, it clearly shows
signs of saturation at longer stress times, which is fundamental
for lifetime extrapolation. We remark that if P relaxes slowly
rather than being permanent, the extracted values are suitable
averages Pi = 〈P(ts,i, tr)〉. This may have a consequence on the
observed saturation. Note that no explicit functional forms of
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R(ts) and P(ts) are assumed during the parameter extraction,
the only explicit expression we make use of is the universal
relaxation function eq. (2) which excellently fits all the data
discussed here. Interestingly, the same methodology can be
applied to PBTI stress of pMOS and nMOS devices as well
(Fig. 3). Although the extracted components are considerably
smaller compared to the pMOS/NBTI case, the similarities are
striking. Note that both stress conditions result in a negative
shift of the threshold voltage.

The robustness of the extracted components is shown in
Fig. 4 where from the measured N = 9 relaxation sequences
only the first M ≤ N are considered, resulting in virtually
no change in the extracted components. The same applies if
from the fast ∆Vth data the first few decades (1 µs−1ms) are
dropped, thereby emulating a slower measurement equipment.
Provided tM < 10ms, virtually the same results are again
obtained. We therefore conclude that the proposed extraction
procedure is robust.

In order to demonstrate that the extracted component P
has a physical meaning, we accelerate recovery by applying
a positive bias during relaxation [7]. As shown in Fig. 5,
moderate positive bias accelerates recovery astonishingly close
to the value of the extracted P, seemingly independent of
the applied bias during relaxation. When a larger positive
bias is applied, however, the degradation increases again, a
peculiar fact observed in both technologies and unexplained
by available NBTI models.

Also interesting is the observation that for a proper choice of
stress voltages the extracted P component is similar for the two
completely different devices and setups, with R significantly
larger for thinner oxides, cf. Fig. 6. Another experiment
demonstrating that the recovery after bias temperature stress is
dominated by the recovery of R is given in Fig. 7, where the
same device is subjected to the same stress/relax experiment
twice, with only a short recovery in between. In the second run
no change in P is detectable while the extracted R is similar
to the one extracted from the first run.

A crucial aspect of BTI degradation which also has eluded
satisfactory explanation so far is its duty-factor (DF) de-
pendence. It has been previously shown [13] that the ratio
of DF/DC degradation is a strongly non-linear function of
the DF. Replacing the stress phases in our methodology by
AC stress phases, the DF dependence of P and R can be
extracted revealing that the strong DF dependence is due to
fast recovery of R with P being either permanent or only slowly
relaxing (Fig. 8). Furthermore, the functional form of the DF
dependence can be estimated from the universal relaxation law
eq. (2), assuming ts,eff = ts ×DF/100 and tr = ts − ts,eff.

Another important aspect for lifetime projection is the
temperature and voltage acceleration of the two individual
components, which has been studied in detail with the last long
recovery phase displayed in Fig. 9. For the temperature and
voltage ranges investigated, no anomalies have been observed,
resulting in excellent fits to the model eq. (1). The extracted
activation energies of R, P, B, and β are shown in Fig. 10.
The activation energy of R extracted after different stress times

follows the same Arrhenius law while the activation energy
of P depends on the stress time, making P essentially non-
Arrhenius [7]. The parameters of the universal relaxation func-
tion eq. (2) are Arrhenius (B) and constant (β ). Interestingly,
a temperature independent β contrasts with predictions of
dispersive hydrogen transport models [10, 12]. As shown in
Fig. 11, the temperature and voltage dependence of P can be
well described by the analytic expression derived in [7]. This
expression has been used to account for the time, voltage, and
temperature dependence of interface states as observed in CP
measurements.

With the extracted model parameters for eq. (1) it is
possible to study the influence of the measurement delay on
the observed degradation in detail. Fig. 12 shows that the
data is bound between S = R + P (the extrapolated ‘true’
degradation) and P, and depends in a complex manner on the
delay time, temperature, and bias conditions. This figure also
nicely explains why so many different NBTI exponents have
been reported in literature. In particular, it is found that the
commonly used power-law is an approximate concept, valid
only over a few decades in time, and should therefore be used
with care for lifetime extrapolation.

Finally, our method is compared with a method suggested
in [6] for HfO2 layers. There it was suggested that the slow
component (our P) is hidden by a large fast component (our
R). By subtracting an early value of the total threshold voltage
shift SM(t0, tM), the slow component may be retrieved under
the assumption that R is nearly saturated at ts = t0 and P(t0)�
R(t0). Thus a reasonable approximation of P may only be
obtained with a good choice of t0 and tM, the determination
of which, however, is not straightforward.

Conclusions
We show that by recording several sequences of Vth relax-

ation at different stress times in a single measurement, the
full stress and relaxation behavior can be reconstructed and
separated from the permanent Vth degradation. The method is
based on the universality of recovery and is shown to be valid
for negative and positive temperature stresses. We demonstrate
how the extracted relaxation model can be used to accurately
study the influence of the measurement delay, temperature
and voltage acceleration. In particular, our results suggest that
standard MSM or OTF measurements plotting ∆Vth vs. ts are of
limited value, as they merely show the combination of both R
and P components, each with their own different acceleration
behavior.
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Universal relaxation law:
r(tr/ts) = r(ξ ) = (1+Bξ β )−1 (2)

Fig. 1: Schematic view of the employed
stress/relaxation sequences [12]. The stress is in-
terrupted N times to record N − 1 short and 1
long final relaxation sequence on the relative time
scale tr = t − ts. Indicated is the permanent/slowly
relaxing component P. The N + 2 parameters B,
β , and Pi (i = 1 . . .N) are determined by matching
eq. (1) to all N relaxation sequences.
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recoverable and permanent components R and P. The total degradation S is obtained as the sum of R
and P by extrapolation of R(ts) = R(ts, tM = 0). Also indicated is the relaxation data on a relative time
scale ts,i + tr. The recoverable component R can be well fit by a power-law and n log(1+Ats) (used in the
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methodology can be applied to these cases as well. (symbols: data, lines: model). These samples have a much smaller EOT compared to the devices of Fig. 2,
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thus on the measurement delay and the temperature (ratio R vs. P). For the OTF line it was assumed that
the occupancy of interface states P is twice as high as during MSM measurements.
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Fig. 13: For HfO2 layers it was suggested [6]
to subtract the initial ’hole trapping’ component
from the measurement data to extract the ’standard
NBTI’ as P(ts) ≈ SM(ts, tM)−SM(ts = t0, tM) with
t0 = 1s. The accuracy of this approach requires
dR/dts ≈ 0 and P(t0)�R(t0) which is also roughly
fulfilled for nitrided oxides and reasonable approx-
imations of P may be obtained by adjusting tM and
t0 (symbols, lines: model from Fig. 12 (left)).
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