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Abstract— Defects in the gate oxide give rise to bias
temperature instability (BTI), which is considered a serious
threat to the device reliability of ultrascaled MOSFETs.
Extrapolating the device degradation over the operational
lifetime, therefore, requires detailed knowledge about the
distributions of defects causing BTI. Typically, BTI degrada-
tion is modeled by calibratinga predefined defect parameter
distribution, such as normally distributed defect bands,
by employing measure-stress-measure (MSM) sequences
at various temperatures. Here, we present the Effective
Single Defect Decomposition (ESiD), a novel method for a
semiautomated extraction of defect parameters from MSM
experiments which does not require any prior assumptions
about their distributions. This technique decomposes the
MSM sequences into contributions from dominant effective
single-defects and constructs a defect parameter distri-
bution that reproduces the experimental data with high
accuracy. We validate this new method by comparing its
results to density functional theory (DFT) predictions and
single-defect characterizations.

Index Terms— Bias temperature instability (BTI), charge
trapping, defect characterization, measure-stress-measure
(MSM), nMOS, pMOS.

I. INTRODUCTION

THE Bias Temperature Instability (BTI) [1] refers to a shift
of the threshold voltage �Vth during device operation.

Based on our current understanding, this shift is primar-
ily caused by charge trapping and defect creation in the
oxide [2] or the interfacial layer (IL) [3], and is one of the lim-
iting reliability challenges for modern MOSFET technologies.
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Predicting BTI degradation over the device lifetime, therefore,
relies on detailed knowledge about the involved defects and
their charge trapping behavior under varying temperatures and
gate biases. In ultrascaled devices, in which charge trapping of
individual defects is directly observable, such information can
be obtained by single-defect characterization techniques like
random telegraph noise (RTN) analysis [4] or time-dependent
defect spectroscopy (TDDS) [5]. However, these methods
are not applicable to large-area devices or material sys-
tems exhibiting larger defect densities like SiC/SiO2. In such
cases, typically recovery traces �Vth(t) after degradation at
accelerated stress conditions are measured using extended
measure-stress-measure sequences (eMSM) [6]. Applying a
calibrated device model including a physical description of
the charge transfer between defect and charge reservoir, defect
parameters like trap levels or relaxation energies can be
extracted by tuning the model to match the observed recovery
traces [7]–[9]. Note that using a physics-based defect model
is key here in order to extrapolate the BTI degradation from
the accelerated stress conditions back to typical biases and
temperatures during operation.

However, due to the amorphous nature of the gate dielectric,
the defect parameters are widely distributed. Since �Vth is the
collective response of a whole defect ensemble, an appropriate
distribution function has to be used when extracting defect
parameters from eMSM sequences. The energetic parame-
ter distribution of the defects is commonly assumed to be
Gaussian, where mean and standard deviation serve as fitting
parameters for the model. It has been demonstrated that
this approach can match experimental degradation [7], [10]
well and also provides reasonable agreement with theoretical
trap levels [11] and activation energies [12] obtained from
density functional theory (DFT) calculations. However, the fit
relaxation energies are often far too high to be considered
physical when compared to typical values for probable defect
candidates [13].

As shown in Fig. 1, the parameter optimization for a chosen
distribution function can lead to spurious solutions, with large
parts of the defect band being inactive even under severe stress
conditions. Although these inactive defects do not affect the
�Vth prediction, they distort the statistics of relevant defects
and lead to higher apparent mean values. Likely examples
for such a misinterpretation of data, resulting in unphysically
high extracted parameters, can be found in the literature, see
e.g., [7]–[10]. This issue also has to be taken into account
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Fig. 1. Extracted τc and ER distribution for electron traps in SiO2 as
published in [7]. Even under severe conditions, only a small fraction of
the distribution is active (τc < 107 s), leading to significant deviations
from the assumed Gaussian distribution when only considering the active
defect set.

when comparing experimentally extracted defect parameters
to theoretical studies.

Furthermore, due to the highly nonlinear dependence of
the degradation response on the defect parameters, a good
initial guess and frequent manual intervention are required
during the parameter optimization process. This becomes
particularly cumbersome and time-consuming when deal-
ing with advanced gate stacks, several different processes
splits or material systems like SiC/SiO2 where multiple defect
bands are involved [14].

To overcome these issues, we present the Effective Sin-
gle Defect Decomposition (ESiD), a novel defect extraction
method based on a nonnegative linear least square (NNLS)
algorithm, which decomposes the �Vth degradation into effec-
tive single-defect contributions. This method allows for a
semiautomatic extraction of physical defect parameters from
experimental eMSM recovery traces which requires only a
little manual effort and does not depend on predefined distri-
bution functions. We employ this method to characterize both
electron and hole traps in large-area SiON devices. It will be
shown that the defect parameters obtained with our method are
in good agreement with theoretical DFT studies of hydrogen-
related defects like the hydroxyl-E � center [15] or the hydro-
gen bridge (HB) [16] in SiO2, emphasizing the important
role of hydrogen in reliability physics. We will further verify
our method by comparing the extracted defect distributions
with previously published single-defect characterization data
obtained on similar but scaled devices using TDDS.

II. EXPERIMENTAL SETUP

For the purpose of this work, we extract electron and
hole trap distributions from pMOS/negative BTI (NBTI)
and nMOS/positive BTI (PBTI) measurements on large-
area MOSFET devices (W × L = 10 × 10 μm) fabricated
within a commercially available 180 nm SiON technology.
The temporal recovery of device degradation after stress has
been monitored with our custom-built low-noise measurement
tool [17] using an eMSM scheme with stress times in the
range of tstr = 100 μs to 10 ks and recovery times up to
trec = 10 ks. The �Vth readout has been performed at
ID = 100 nA·W/L with a minimal delay after stress of 100 μs.
In order to accurately account for the bias- and tempera-
ture dependence of BTI, the experiments were performed at
three stress fields

∣∣EH
ox

∣∣ = 5, 6.5, and 8 MVcm−1, and at

Fig. 2. Configuration coordinate diagram and the describing parameters
of a charge transition within NMP theory. The defect states are modeled
as harmonic oscillators. In the classical limit, the bias-dependent inter-
section point of the two parabolas determines the reaction barrier for a
charge transfer between defect and device channel.

three temperatures T = 50, 100, and 150 ◦C. The �Vth respo-
nse has been extracted by converting �ID according to the
initial ID(VG) characteristics of the unstressed device [6]. For
each device, low-frequency capacitance–voltage (CV ) curves
at f = 100 kHz were recorded and used to calibrate the
electrostatics in our device models.

III. PHYSICAL MODEL

To model the impact of oxide defects on the threshold
voltage Vth, we employ our previously developed 1-D device
reliability simulator Comphy [7]. The simulator consists of an
analytic device model based on a surface-potential descrip-
tion [18], which provides quantities like the electric field Eox

and the carrier concentrations n, p in the channel as a function
of VG and T . These data are subsequently used to calculate
the charge transfer rates between oxide defects and channels
within a nonradiative multiphonon (NMP) defect model [19].
Here, the charged and uncharged defect states of an effec-
tive two-state model are described as quantum mechanical
harmonic oscillators forming a Markov chain as shown in
Fig. 2. Within this model, the charge transfer is then treated
as a nonadiabatic transition between the two potential energy
surfaces (PES) [13]. In the classical limit of NMP theory,
the transition rates are solely determined by the classical
barriers ε12/21 given by the bias-dependent intersection point
qc. Using this approximation, the charge capture and emission
times for a pMOS are given by [19]

τ−1
c/e = pσvthϑ exp

(−ε12/21/kBT
)
. (1)

Here, ϑ denotes a Wentzel-Kramers–Brillouin (WKB) tun-
neling factor accounting for the distance between defect and
charge reservoir, vth is the thermal velocity of the carriers
within the channel. The capture cross section was assumed to
be σ = 10−15 cm2 throughout this work [20], [21]. Within the
classical approximation, the scaling of the q-axis is immaterial
and thus the defect behavior is completely determined by four
parameters: the relaxation energy ER = Sh̄ω, which is related
to the Huang–Rhys factor S [22]; the curvature ratio between
the two PESs R2 = c1/c2; the trap level ET, which determines
the energetic alignment between the defect and the band edges;
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Fig. 3. Charge transition barriers for multiple
(
R,ER

)
pairs (left).

As long as these pairs are along the curve ER/(1 + R)2 = const. (right),
the corresponding barriers are experimentally nearly indistinguishable.
Therefore, in order to extract defect parameters experimentally, one has
to fix either R or ER.

and the trap location xt , which influences the WKB tunneling
rate as well as the bias dependence. Note that this model only
describes charge trapping in preexisting oxide defects. Other
effects like the creation of interface defects during stress have
been successfully described as an effective first-order reaction
within an empirical double-well model [23], [24] mathemat-
ically similar to (1). Therefore, also such processes can be
described with artificial oxide defects within the NMP model,
although the associated parameters carry no physical meaning.
This will be exploited here to model the (quasi)-permanent
BTI component P within NMP theory. The corresponding
fictitious defects can then be identified based on their large
time constants.

In previous studies on defect characterization, the energetic
parameters ET and ER have been assumed to follow a Gaussian
distribution, while a homogeneous spatial distribution up to
a maximum depth, typically 0.6 nm, was used [7]. Together
with a single value for the curvature ratio R and the total trap
density NT, a defect band is therefore characterized by the
parameter tuple

P = (�ET�, σET , �ER�, σER , R, xt , NT
)
. (2)

This tuple is then optimized against the experimental
degradation using local optimization schemes. However,
the restriction to specific distributions can lead to artificial
defect parameters.

Furthermore, such a model description should be checked
for cross correlation between different parameters in order to
ensure a unique parameter set. In the case of the two-state
NMP model, as given above, we observe a nonlinear correla-
tion between the parameters ER and R. A Taylor expansion of
the capture barrier ε12 with respect to the energy difference
�E12 between the two states yields [25]

ε12 = ER

(1 + R)2
+ R

1 + R
�E12 + O(

�E2
12

)
. (3)

As can be seen in Fig. 3, the capture and emission barri-
ers stay approximately the same within a wide range of R
when the zeroth-order term is kept fixed. Therefore, different
pairs (R, ER) along this curve are expected to give similar
degradation responses, leading to a nonunique parameter set
to explain the experimental data. Note that, while the slope of
the individual barriers shows a weak dependence on R, this
difference becomes undetectable when dealing with a whole

Fig. 4. Decomposition of an eMSM sequence into single defect
contributions δVth (Scale: ×300) using our ESiD method. As can be seen,
the MSM signal is composed of many defects spanning a wide range of
time scales.

defect band instead of individual traps. In an earlier work [7],
a rather high curvature ratio of R = 2.59 together with mean
relaxation energy of 7.95 eV have been reported for hole traps
in SiON. However, such values seem unphysical and disagree
with theoretical DFT studies on defects in amorphous silica,
which typically predict values in the range R = 0.8 − 1.2
and ER = 2 − 4 eV [13]. Since this correlation prohibits the
simultaneous extraction of both ER and R from typical eMSM
sequences, we limit our model to the linear electron-phonon
coupling regime [26] given by R = 1 in order to be consistent
with the theoretical results. Using our novel extraction method
described below, we will show that such a defect parametriza-
tion can accurately reproduce the measurement data while also
providing defect parameters in good agreement with DFT.

IV. EFFECTIVE SINGLE DEFECT

DECOMPOSITION (ESID)

Instead of fitting the parameter tuple P to experimental data,
we directly exploit the fact that the macroscopically measur-
able �Vth(t) results from trapping and detrapping of a whole
defect ensemble. In the limit of low defect concentrations,
the charge state of one defect does not influence the behavior
of another defect via electrostatic interaction. In this case,
the total degradation can be expressed as a linear superposition
of the form

�Vth(t) =
∫

�

N( p)δVth(t; p)d p (4)

where δVth(t; p) denotes the contribution to �Vth of a single
defect with parameters p = (ET, ER, xt ), see also Fig. 4.
All these contributions are then weighted according to a
distribution function N( p) and integrated over the parameter
space �. Expressed in this language, the extraction of defect
parameters from experiments is equivalent to finding a suitable
distribution N( p) over � which matches the observed degra-
dation. Although the required assumption of noninteracting
defects might seem too restrictive, in practice the defect–defect
interaction is mostly negligible in the context of BTI. However,
the validity of this assumption can be verified retrospectively
by using the obtained N( p) in a self-consistent simulation and
comparing the results to the simulation with noninteracting
defects. For the data published here, the maximal error was
found to be below 4%.

While previous works assumed N( p) to be Gaussian
along the energetic dimensions ET, ER and uniform along xt ,
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Fig. 5. Impact of the regularization parameter γ. For small γ, the solution
requires an unphysically large defect density, whereas too large values
lead to quickly growing approximation errors. The optimal value for γ lies
between these two detrimental regions.

we employ a NNLS estimator to retrieve N( p) from measure-
ments without dictating the resulting distribution. In order to
do so, we first select a physically reasonable search region
within the parameter space �, e.g., by choosing a certain
energy region for ET and ER, and discretize it using a uniform
grid of parameter points pi . Next, we employ the Comphy
modeling framework to calculate the single defect responses
at every grid point and collect them in the response matrix
(δV ) j i = δVth(t j ; pi). Note that the i th column of δV repre-
sents the concatenated theoretical responses of all recorded
MSM sequences for the defect parameters pi . Similarly,
we construct a column vector (�V ) j = �Vth(t j) called the
observation vector.

In this discretized form, a naive NNLS estimator for the
distribution function can be expressed as

N = arg min
N̂≥0

∥∥δV · N̂ − �V
∥∥2

2 (5)

where the column vector (N)i = N( pi ) is a discrete repre-
sentation of the sought distribution function N( p). Note that
the enforced nonnegativity constraint is essential here, since
N ought to represent a physical defect density, which can only
take semipositive values. However, decomposing the measured
�Vth into single-defect contributions is mathematically an
ill-posed problem, leading to numerically unstable solutions,
which frequently exhibit unphysical total defect densities and
a spiky distribution function. The reason for this unwanted
behavior lies in the fact that the estimator (5) tries to minimize
the error to the measurement data as much as possible without
any regard to the total density required or the smoothness of
the solution. To mitigate this, we regularize the problem by
introducing a Tikhonov term [27] to the estimator

N = arg min
N̂≥0

∥∥δV · N̂ − �V
∥∥2

2 + γ 2
∥∥N̂

∥∥2
2. (6)

The effect of this additional term can be seen in Fig. 5.
While for small values of the regularization parameter γ ,
the approximation error is very small, the corresponding para-
meter distribution requires a large defect density. Increasing
γ leads to a significant reduction of the defect density, while
the error to the measurement data is only weakly affected.
However, if γ is too large, the problem becomes overregu-
larized, resulting in a steep error increase. According to the
L-curve criterion [28] the optimal value for γ lies between

Fig. 6. Samples drawn from the extracted defect distributions within
the band diagram. The shaded areas indicate the search regions used
in ESiD. The highest concentration of both electron (blue) and hole (red)
traps is located within the IL.

these two regimes near the observed “corner.” In order to
solve (6) efficiently, the regularized estimator can be recast
to the standard NNLS form by introducing

N = arg min
N̂≥0

∥∥A · N̂ − b
∥∥2

2 with (7)

A =
[
δV
γ I

]
and b =

[
�V

0

]
(8)

and I being a unit matrix of proper dimensions. In our imple-
mentation, the estimator given by (7) is solved iteratively by
increasing γ and invoking a fast NNLS algorithm introduced
in [29] at each step until the “corner” is detected.

Although the formulation of defect parameter extraction as
an NNLS optimization problem allows in principle to search
the parameter space without any restrictions, we reintroduce
the concept of defect bands by defining oxide regions with
homogeneous defect parameters over xt . This allows us to
identify such a band by a simple 2-D (ET, ER) map while
also accounting for different chemical environments in the
bulk oxide and the IL. In this sense, ESiD can be seen as
an extension of (τc,τe)-maps [30], a technique for extracting
the distribution of time constants from repeated measurements
with varying stress times. Instead of (τc,τe), ESiD extracts
the more fundamental distribution (ET, ER), which allows to
calculate (τc,τe) under arbitrary conditions.

V. RESULTS

We employ the proposed ESiD extraction algorithm to
extract defect parameter distributions for the hole and electron
traps in SiON from NBTI measurements on pMOS devices and
PBTI on nMOS devices. In order to account for the chemically
different environments in the oxide and IL, we define two
disjunct and independent search regions for the ESiD extrac-
tion. The used parameters for the search regions as well as
the extracted total defect densities are summarized in Table I.
Based on experimental [31] and theoretical [32] studies on the
Si/SiO2 interface, the IL thickness was assumed to be 0.6 nm.
Note that the precise value of the assumed IL thickness is
only of minor importance for the resulting defect distribution.
The same holds true for the capture cross section σ , which
enters the transition rates (1) only linearly, whereas all other
parameters have an exponential impact.

In accordance with previous findings [33], our extraction
algorithm shows that most of the active defects in both n- and
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Fig. 7. Experimental and simulated eMSM sequences using the extracted defect bands for varying gate bias (left) and temperature (right). The first
data point is measured 100 μs after stress. The extracted (quasi)-permanent component (P) is separately shown as a dashed line for the pMOS in
the right plot. As can be seen, there is a very good agreement with the measured ΔVth degradation over the entire measured temperature and bias
range. Note the apparent negative temperature activation for PBTI in the right figure due to fast electron traps.

TABLE I
DEFECT BANDS

pMOS are located in the IL, as depicted in Fig. 6. However,
the total active defect density in nMOS devices is lower
compared to pMOS by a factor of seven in good agreement
with earlier investigations [23], [34]. Although these findings
have been well established, note that they naturally emerge
from simple eMSM recovery traces using our algorithm.
Compared to other reports utilizing Gaussian parameter dis-
tributions [7]–[9], our results show significantly lower defect
densities, ranging from 5 to 15 times less depending on
the device type. As already explained in Fig. 1, this might
be an artifact of choosing a specific parameter distribution
function, where the observed degradation only stems from
the distribution tail, leading to an apparent higher defect
density. One advantage of our novel extraction approach is
that inactive defects within the provided measurement window
are automatically discarded since they cannot contribute to
the superposition given in (4). However, as shown in Fig. 7,
our extracted parameter set describes all recorded MSM traces
very well, despite the much lower defect density. As can be
seen, both the dependence on the gate bias and the temperature
activation of BTI degradation is well captured by our model.

Most notably, the temperature activation in the PBTI/nMOS
case shows a peculiar feature due to fast electron traps.
As shown in Fig. 7 (right), the measured �Vth degradation
actually decreases with higher temperatures for longer stress
times. As pointed out already in [35], simpler BTI characteri-
zation schemes like the use of single effective activation ener-
gies would predict unphysical negative activation energy for
the charge transfer process in this scenario. The degradation
during stress is indeed larger for higher temperatures, however,
some traps become too fast and already recover during the

Fig. 8. Extracted defect bands and a comparison to theoretical defect
candidates [13] for hole traps in SiO2. As can be seen, the hydrogen-
related defects are in good agreement with our obtained IL hole traps,
whereas the OV defect could act as a deeper trap in the oxide.

delay time between stress and recovery phase. These traps,
therefore, fall out of the measurement window and cause this
apparent decrease in degradation.

A. Defect Distributions

Since we have fixed the parameter R = 1 and averaged
over xt within a defect band, the defining characteristic of
a defect band is its (ET, ER) distribution. These distribu-
tions are presented as stacked histograms in Fig. 8 for all
four defect bands used during the extraction. As can be
seen, most electron and hole traps are located within the
IL layer approximately 1.0 eV above and below the Si midgap,
respectively. While hole traps are still present in the deeper
oxide layer, electron traps are almost entirely absent in this
region. This finding explains the more pronounced quasi-
permanent BTI component (P) in pMOS devices compared
to their nMOS counterparts. Note, however, that P cannot be
fully described by charge trapping in preexisting oxide defects
alone since other effects like defect creation and hydrogen
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Fig. 9. Application of our Comphy/NMP framework to capture and
emission times obtained from single defects using TDDS [38]. Note
that most features are well described within the two-state NMP model,
however, the switching trap behavior would require additional states to
be modeled accurately.

kinetics also play an important role [36], [37]. The rigorous
treatment of these mechanisms is beyond the scope of this
work, instead, P is represented by artificial defects within
the used NMP framework. In our simulation we consider
defects, which can only trap charges but not emit them again
within the experimental window (τe > 5 × tmax

rec ) even at the
highest temperature, to be responsible for P. The collective
�Vth response of these defects is shown as a dashed line in
Fig. 7 (right). However, the corresponding defect parameters
are unphysical and therefore not shown in Fig. 8.

The recoverable BTI component, however, is well described
by the NMP model and its extracted defect parameters allow
the identification of likely responsible defect types by com-
parison to DFT predictions. As shown in Fig. 8, the (ET, ER)
distribution of the extracted IL hole traps is in good agreement
with theoretical results [13] for the well-known HB defect
and the recently popularized hydroxyl-E� center (HE) [15].
Regarding the energetic location of the defect bands, it has
to be kept in mind that ET predictions commonly show errors
of up to ±0.5 eV within standard DFT. Hence, the shown
theoretical distributions should be considered as physically
reasonable ranges rather than precise distributions of defects.
However, the oxygen vacancy (OV), which has been pre-
viously suspected [3] to be responsible for BTI, shows a
far too deep trap level to account for most of the observed
degradation. Since the OV has been identified by electron
spin resonance (ESR) measurements during NBTI stress [39],
we speculate that the deeper oxide defects extracted from our
data can be attributed to OVs.

B. Comparison to Single Defect Characterizations
In order to validate the defect parameters extracted from

eMSM measurements using our ESiD method, we also
extracted single defect parameters from earlier datasets [38],
[40] on ultrascaled SiON devices otherwise similar to the
large-area devices used in this work. Using the same Com-
phy/NMP modeling framework, we extracted the (ET, ER)
parameters from the recorded capture and emission times.
As shown exemplarily in Fig. 9, the used two-state NMP
model can describe most of the defect characteristics rather
well. One exception is the switching trap behavior, referring to
a drop of the emission time for low gate bias, which requires

Fig. 10. Heat map of the (ET,ER) distribution for the extracted IL trap
bands using our ESiD method together with parameters from single
defects obtained with TDDS [38], [40]. As can be seen, both distributions
overlap nicely, confirming the physicality of the extracted defect bands.

the introduction of additional metastable defect states [13].
However, this feature is not expected to be important in the
context of large-area devices with a large ensemble of defects
being involved, provided the devices are not switched into
accumulation for pulsed measurements [41]. Fig. 10 shows
that the resulting single-defect parameters agree excellently
with the extracted parameters for the IL layer from our eMSM
measurements. Note that TDDS typically requires a smaller
experimental window (τc, τe ≤ 100 s) compared to eMSM
since many repeated recovery traces have to be analyzed in
order to obtain sensible mean capture/emission times. There-
fore it is expected that TDDS primarily reflects the properties
of the faster IL layer instead of the deeper oxide. Our findings
show that the ESiD algorithm indeed provides physical defect
bands which can be used for the identification of defects and
can act to some degree as a suitable substitute for the much
more involved single-defect characterization.

VI. CONCLUSION

In this work, we demonstrated that defect extractions from
MSM sequences using BTI compact models can suffer from
artificial inactive defects by assuming a specific parameter
distribution as well as from ambiguous defect distributions
due to parameter cross-correlations within the model. Both
effects limit the physical interpretability of the obtained
defect bands. Furthermore, the manual optimization of defect
bands is an error-prone and laborious task, especially for
new materials or advanced gate stacks. To overcome these
issues, we proposed a novel semiautomated extraction method,
the ESiD, which is based on a regularized NNLS estimator.
This method decomposes the measured �Vth degradation into
effective single-defect contributions and provides an optimal
distribution function for the defect parameters. We showed
that this new approach can accurately model the observed
BTI degradation, while only a vaguely defined parameter
search region has to be specified by the user. Contrary to
previous defect extractions, we showed that our obtained
defect bands are physically sound by comparison to DFT
predictions and single-defect data obtained with TDDS. Our
method is therefore expected to also provide physical defect
parameters in cases like SiC-based power devices, which do
not meet the requirements to perform TDDS.
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