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ABSTRACT The physics-based BTI Analysis Tool (BAT) is used to model the time kinetics of threshold
voltage shift (�VT) during and after NBTI in p-channel planar bulk and FDSOI MOSFETs and SOI
FinFETs. BAT uses uncorrelated contributions from the trap generation at the channel/gate insulator
interface (�VIT) and gate insulator bulk (�VOT), and hole trapping in pre-existing gate insulator bulk
traps (�VHT). The �VIT kinetics is simulated by the Reaction-Diffusion (RD) model. The empirical
�VHT model used earlier is now substituted by the Activated Barrier Double Well Thermionic (ABDWT)
model. The ABDWT model is also used to verify the time constant of the electron capture induced
fast �VIT recovery. Empirical equations are used for �VOT. The enhanced BAT modeling framework is
validated using measured data from a wide range of experimental conditions and across different device
architectures and gate insulator processes.

INDEX TERMS NBTI, BAT, RD model, ABDWT, TTOM.

I. INTRODUCTION
Negative Bias Temperature Instability (NBTI) remains as
an important reliability issue in modern High-K Metal
Gate (HKMG) technology based devices, such as planar
bulk and Fully Depleted Silicon on Insulator (FDSOI)
MOSFETs, bulk and SOI based FinFETs and Gate All
Around Nanosheet (GAA NS) FETs [1]–[5]. NBTI impacts
the PMOS device and results in a gradual accumulation
of positive charges in gate insulator, when the gate is
biased more negative compared to the other three termi-
nals of the FET. The accumulated charges, in turn, lead
to a gradual shift in various transistor parameters over
time, and hence the performance of devices, circuits, and
systems get degraded [6]. Interestingly, NBTI defects and
the related device parametric shift partially recover if the
stress is removed, and therefore, AC stress results in a lower
parametric shift when compared to DC stress. Technology
qualification depends on keeping the End-of-Life (EOL)
degradation under acceptable limits. Hence, it is important
to develop physics-based NBTI models, for accurate pro-
jection of EOL (e.g., at 10 years) parametric shift under

use conditions, by using data from shorter-time accelerated
stress experiments.
The physical mechanism responsible for NBTI has been

a subject of many debates [7]–[11]. At present, there
are mainly two competing viewpoints, the BTI Analysis
Tool (BAT) [12] and the Compact Physical (Comphy) [13]
model frameworks. Comphy models the measured �VT
stress-recovery kinetics by uncorrelated contributions from
a recoverable (∼hole trapping-detrapping) and a semi-
permanent (∼trap generation) parts that are modeled respec-
tively by the Non-radiative Multi-Phonon and Two Well
Thermionic models. The reader may refer to [13] and
related papers for details of the Comphy framework and
its capabilities.
BAT uses uncorrelated contributions from generated traps

at the channel/gate insulator interface (�VIT) and inside
the gate insulator bulk (�VOT), and hole trapping in pre-
existing gate insulator traps (�VHT), to model the kinetics
of threshold voltage shift (�VT) during NBTI stress [12].
The recovery of �VT after NBTI stress is modeled using the
recovery of �VIT and �VHT, since �VOT shows negligible
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recovery. The double interface Reaction-Diffusion (RD)
model is used for the time kinetics of interface trap
generation and passivation (density is DNIT), and their con-
tribution (�VIT) due to charge occupancy is modeled by
the Transient Trap Occupancy Model (TTOM). Empirical
stretched-exponential equations are used for TTOM and
�VHT in [12], and �VHT equations are replaced using
the Activated Barrier Double Well Thermionic (ABDWT)
model, first proposed in [14], in recent reports [15], [16].
The empirical model is used for �VOT [12]. Therefore,
�VIT and �VHT constitute the recoverable part and �VOT
determines the semi-permanent part of the BAT framework.
The difference between BAT and Comphy is whether �VIT
constitutes the recoverable or semi-permanent part (�VIT
recovery is discussed later for BAT).
BAT has been used to model the �VT time kinetics

during and after both DC and AC stress at various stress
bias (VGSTR), recovery bias (VGREC), temperature (T), duty
cycle (PDC) and frequency (f ), in Gate First (GF) HKMG
planar p-MOSFETs having different Nitrogen (N%) content
in the gate stack [12], in Replacement Metal Gate (RMG)
HKMG SOI FinFET [17] and bulk Si, SiGe (Silicon
Germanium) channel FinFETs with different Ge% in the
channel and N% in the gate stack [18], [19]. BAT can model
the layout dependence (distance between STI to active)
in planar, and fin dimension (length and width) depen-
dence in FinFETs [20]–[22]. Moreover, the macroscopic
BAT framework can also model the mean of measured
stress-recovery kinetics from multiple small area or few fin
devices [23], [24]. The various capabilities of BAT are sum-
marized in a recent review [25]. It has become evident from
all the above reports that �VIT contributes a significant frac-
tion of �VT for the range of VGSTR and T used (see original
references), while the other components can become impor-
tant depending on the device type (more �VHT for poor
quality of the gate insulator) and stress condition (more
�VOT at high VGSTR and T). Note, �VIT dominates overall
�VT for the normal use condition of these devices. Further,
a Technology CAD (TCAD) platform is enabled to calcu-
late the �VIT component during NBTI stress and validated
using Si and SiGe p-FinFETs with various Ge%, N% and
fin dimensions [26], [27].
In the above reports [12], [17]–[25], the �VHT component

is modeled using empirical stretched-exponential equations,
with trapping and detrapping time constants (tHT and tDT)
that vary with T for some devices, and variation in tDT
with stress time (τSTR). Such variations can be manually
done or modeled with empirical equations. However, �VHT
is modeled by ABDWT in [15], [16], and being a physi-
cal model it can automatically calculate the hole trapping
and detrapping kinetics across all experimental conditions.
Furthermore, the stochastic version of ABDWT can explain
Random Telegraph Noise (RTN) and Time Dependent Defect
Spectroscopy (TDDS) experiments as shown in [28].
This article presents a comprehensive overview of our

recent conference reports [15], [16]. NBTI time kinetics is

modeled using BAT with ABDWT for �VHT and validated
against a wide range of experimental data. Additionally, the
electron capture time constant (τEC) associated with fast
�VIT recovery from TTOM is validated using ABDWT for
various VGSTR and T in this article. The device and measure-
ment details are listed in Section II. The ABDWT enabled
BAT framework is briefly explained in Section III. The model
is validated with measured data in Section IV, and the paper
is concluded in Section V.

II. DEVICE DETAILS AND MEASUREMENT DESCRIPTION
Experimental results are obtained from our earlier published
reports. Keysight B1530 enabled with Waveform Generator/
Fast Measuring Unit (WGFMU) is used for ultrafast elec-
trical characterization. The Measure-Stress-Measure (MSM)
scheme is used to measure the drain current drift in a loga-
rithmic time interval and later translated to threshold voltage
shift using the lateral shift method [29]. The measurement
delay is kept close to ∼10us to reduce the impact of the
recovery-related artefacts. Three different types of devices
are analyzed in this work: (1) GF HKMG planar devices
with different gate stack processes resulting in lower (D1)
and higher (D2) N%, (2) GF HKMG planar FDSOI devices,
and (3) RMG SOI FinFETs, see [12], [17], [20], [21] for
additional details.

III. MODEL DESCRIPTION
Fig. 1 illustrates the schematic of the BAT framework,
while Fig. 2 shows the modeling of a typical ultra-fast
measured �VT stress-recovery kinetics using three uncor-
related components: �VIT, �VHT, and �VOT. Note, the
non-correlated nature of the subcomponents are verified in
our earlier reports [12], [17]–[19], where they are shown to
vary differently with changes in stress conditions (VGSTR
and T) and process changes (channel Ge% and gate oxide
N%). As mentioned, the double-interface RD model is used
for DNIT and subsequently TTOM for �VIT, ABDWT for
�VHT and empirical equations for �VOT. The RD, TTOM
and �VOT model equations and parameters are listed in [12].
It is important to note that the adjustable parameters (4 for
RD, 2 for TTOM and 1 for �VOT) vary with processes,
and are kept same as the original reports [12], [17]–[19],
[21], [22]. This implies that the �VIT and �VOT subcom-
ponents are the same between the earlier BAT and the current
implementation, the empirical �VHT equations are replaced
by a physical ABDWT model in this work.1 All process
agnostic free parameters are listed in [12].
Fig. 3 illustrates the ABDWT model for �VHT kinet-

ics used in the enhanced BAT framework [15], [16]. It has
two states E1 (uncharged) and E2 (charged) that are sep-
arated by a barrier (EB). The mean (EB_mean) and spread
(EB_spread) of the Gaussian barrier EB are T activated, with

1. The worst-case difference in DVHT between the empirical and
ABDWT models is ∼5mV (typically ∼2-3mV) for all cases studied in
our work. The % error in modeling of overall �VT is negligible between
the two approaches (refer to results in the original references and this work).
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FIGURE 1. Schematic illustration of the BAT framework.

FIGURE 2. Time evolution of measured (symbols) and modeled (lines) �VT
at fixed VGSTR and T for D1 device, along with the underlying
subcomponents during (a) stress and (b) recovery.

energies EA_mean and EA_spread respectively. Note, the T
activation is taken into consideration to account for the
effects related to phonon coupling, and it is similar to
the temperature-activated capture cross-section used in the
conventional Shockley-Read-Hall (SRH) theory [30].
The application of VGSTR (or electric field, EOX) lowers

the barrier EB and state E2 by � and m*� respectively
(compared to E1), where � = γ ∗ EOX and γ is the field
acceleration factor. Thermionic emission occurs from E1 to
E2 over the barrier EB under the influence of the electric
field during stress, which lowers the barrier EB. The opposite
happens during recovery after the end of stress. Considering
the possible extraordinarily complex band bending scenarios
inside the gate oxide due to spatially non-uniform trapped
charges, the parameter m is kept as a fitting parameter. N0
is the initial trap density and ν is the attempt frequency,
β = 1/kT where k is the Boltzmann constant. The ABDWT
model has a total of nine parameters, only three of them are
process dependent (see Table 1).
The RD model calculated trap generation (density DNIT

and contribution �VIT) shows a long-time power-law slope
of n ∼ 1/6 during stress, Fig. 2. �VHT saturates, while
�VOT shows a power-law slope of n ∼ 1/3 at long tSTR.
Note, the relative contribution from �VHT is large at shorter

FIGURE 3. Schematic diagram of the ABDWT model with rate
equations [15].

TABLE 1. List of parameters for the ABDWT model. (SOIFF is SOI FinFETs).

tSTR, but it is not significant for longer tSTR. �VIT recovery
is due to fast electron capture that is handled by TTOM, and
slower trap passivation by RD model. As before, empirical
equations are used for TTOM, however, the time constant
(τEC) is verified with ABDWT (see later). Moreover, �VHT
recovers fast while �VOT is semi-permanent (negligible
recovery). Note that the measurement delay plays an impor-
tant role in measured �VT. In samples with higher �VHT
contribution and very fast �VHT recovery, the measured
�VT can be substantially lower than the “actual” �VT from
a hypothetical “no-delay” method. However, this is not an
issue in production quality devices used in this work, as they
feature good quality gate insulators and the contribution from
�VHT is indeed small.

IV. RESULTS AND DISCUSSIONS
A. DC STRESS KINETICS
Fig. 4 plots the measured and modeled �VT time kinetics
at various VGSTR and T for (a) D1 and (b) D2 devices. Note
that D2 has a higher N% in the gate stack compared to
D1 devices. Therefore, the relative contribution of the �VHT
component on overall �VT is higher in D2 devices due to the
higher number of pre-existing defects, although �VIT still
dominates overall �VT for both devices. The subcomponents
are not explicitly shown here for brevity, refer to [12], [15]
for additional details. This shows the ability of the ABDWT
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FIGURE 4. Time evolution of measured (symbols) and modeled (lines) �VT
during stress at various VGSTR and T for (a) D1 and (b) D2 devices,
from [15].

FIGURE 5. Time evolution of measured (symbols) and modeled (lines) �VT
during stress at various VGSTR and T for (a) SOI FinFETs and (b) FDSOI
devices, from [16].

enabled BAT framework to explain NBTI in devices with
different N% in the gate stack.
Fig. 5 plots the measured and modeled �VT time kinet-

ics at various VGSTR in (a) SOI FinFETs and (b) FDSOI
MOSFETs over a wide range of T from −40◦C to 150◦C
for SOI FinFETs and from −40◦C to 165◦C for FDSOI
devices. As explained in [17], [21], although �VIT dom-
inates the overall �VT across T, the relative contribution
from �VHT is higher at lower T, while �VOT plays an
important role at higher T, especially for higher VGSTR. It
is indeed possible that for very large VGSTR at high T, the
contribution from �VOT can become more than �VIT. This
is further discussed hereinafter.
Fig. 6 plots the measured and modeled �VT at fixed time

as a function of (a) VGSTR (at fixed T) and (b) T (at fixed
VGSTR) for SOI FinFETs. The underlying model compo-
nents are also plotted. The VGSTR and T dependencies of
�VOT is larger than the other components. This is expected
as a generation of bulk oxide traps is also responsible for
TDDB, which has high VG acceleration and T activation.
�VIT dominates overall �VT for the range of VGSTR and T
used in this study. As also mentioned above, �VOT would
indeed dominate �VT at very high VGSTR and/or T, how-
ever, �VIT completely dominates overall �VT at VGSTR
closer to the operating conditions. As explained in [19],
the use of simpler empirical models can severely mises-
timate the extrapolated EOL �VT at use condition, owing

FIGURE 6. Fixed time measured (symbols) and modeled (lines) �VT as
a function of (a) VGSTR at a fixed T, and as a function of (b) T at a fixed
VGSTR for SOI FinFETs, from [16]. The underlying subcomponents are also
shown.

FIGURE 7. Measured (symbols) and modeled (lines) of (a) fixed time �VT
and (b) longer time slope n (1s-1Ks) as a function of VGSTR over a range of
T for SOI FinFETs, from [16].

to different relative contributions of different components at
different VG.
Fig. 7 plots the measured and modeled (a) �VT at fixed

time and (b) longer time power-law slope n as a function of
VGSTR at different T for SOI FinFETs. BAT can model the
measured time kinetics (see [17]) across VGSTR x T, which is
evidenced by the ability to model the �VT magnitude and
time slope, and also the variation in Voltage Acceleration
Factor (VAF) across T. Note, VAF reduces at higher T in spite
of having relatively larger contribution from �VOT. This is
attributed to the bond polarization effect [12], [17], which
becomes even larger for the SiGe channel devices [18], [19].
The ability to model data across VGSTR x T matrix is needed
to reliably estimate longer time measurements closer to use
condition [17].

B. DC RECOVERY KINETICS
Fig. 8 plots the measured and modeled time kinetics of �VT
after DC stress using (a, b) varying VGSTR (but fixed T) and
(c, d) varying T (but fixed VGSTR), for VGREC of (a, c) 0V
and (b, d) –0.6V in device D1, the related stress kinetics are
shown in Fig. 4. It is important to note that no parameters
have been re-adjusted between stress and recovery to model
such a wide range of recovery data, refer to [12], [15] for
details.
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FIGURE 8. Time evolution of measured (symbols) and modeled (lines)
recovery of �VT after stress for 0V recovery bias (left panels) and for
non-zero recovery bias (right panels), for (a, b) different VGSTR and (c, d)
different T. D1 devices are used, from [15].

FIGURE 9. Time evolution of measured (symbols) and modeled (lines)
recovery of �VT after stress for 0V recovery bias at different VGSTR over an
extended range of T for (a) SOI FinFETs and (b) FDSOI devices, from [16].

Fig. 9 plots the measured and modeled time kinetics of
�VT after DC stress for a wide range of VGSTR and T
conditions for (a) SOI FinFETs and (b) FDSOI MOSFETs,
the related stress data are shown in Fig. 5. Once again,
no parameters have been re-adjusted between stress and
recovery to model such a wide range of recovery data,
see [16], [17], [20], [21] for details.
Fig. 10 (a) models the tSTR dependence of recovery kinet-

ics in SOI FinFET. Note that the earlier report [17] used
empirical �VHT model with different (manually) adjusted
τDT at different tSTR. However, such dependency is automat-
ically observed in the current BAT implementation owing
to the physical nature of the ABDWT model framework.
Fig. 10 also plots the VGREC dependence of recovery kinet-
ics after (b) long and (c) short tSTR in the same device.
The enhanced, ABDWT enabled BAT framework can model
such a wide range of recovery data across variations in tSTR
and VGREC without any manual parameter adjustment or
re-adjustment (between stress and recovery).

FIGURE 10. Time evolution of measured (symbols) and modeled (lines)
recovery of �VT after stress for (a) different tSTR at 0 recovery bias and
with different VGREC for (b) tSTR = 1000s and (c) tSTR = 100ms for SOI
FinFETs, from [16].

FIGURE 11. Time evolution of measured (symbols) and modeled (lines)
recovery of �VT after stress for (a) varying T at fixed VGSTR and (b) varying
VGSTR at fixed T. The empirical TTOM equations to calculate the �VIT
subcomponent is substituted with the ABDWT model. SOI FinFETs are used.

C. VERIFICATION OF TTOM BY ABDWT MODEL
The recovery modeling shown earlier in this work and in
all our previous reports are done with empirical equations
for the electron capture component (TTOM enabled �VIT
recovery). Fig. 11 plots the measured and modeled time
kinetics of �VT after DC stress using (a) varying VGSTR
(but fixed T) and (b) varying T (but fixed VGSTR), where
the empirical TTOM for the �VIT component is replaced by
ABDWT model. Although not shown here for brevity, the
�VIT recovery time kinetics from RD with empirical TTOM
and RD with ABDWT-TTOM are verified with each other.
The ABDWT-TTOM parameters are also listed in Table 1.
This verifies that the electron capture time constant used
in empirical TTOM is physically justified. Due to ease of
implementation, the empirical TTOM model is used in all
our analysis.

D. TIME CONSTANTS FOR HOLE TRAPPING-DETRAPPING
Fig. 12 plots the simulated �VHT (a) stress and (b) recovery
time kinetics from ABDWT and empirical models at various
VGSTR and T for SOI FinFETs. A similar exercise is done
for FDSOI devices, not explicitly shown for brevity. Note
that the ABDWT model parameters (see Table 1) are same
as used to model measured �VT kinetics using the BAT
framework.
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FIGURE 12. Comparison of ABDWT and empirical models for
hole (a) trapping and (b) detrapping at various VGSTR and T for SOI
FinFETs, from [16].

FIGURE 13. Extracted hole capture and emission time constants for SOI
FinFETs and FDSOI devices as a function of (a) VGSTR at fixed T and (b) T at
fixed bias, from [16].

Fig. 13 plots the empirical model extracted hole cap-
ture and emission time constants τHT and τDT at differ-
ent (a) VGSTR (but fixed T) and (b) T (but fixed VGSTR)
for both SOI FinFETs and FDSOI MOSFETs. Larger values
of τHT than τDT implies that the hole capture (∼trapping)
is a slower process than emission (∼detrapping) in these
devices. Moreover, τHT reduces and τDT increases at higher
VG (VGSTR or VGREC) as expected, although the variation is
not significant in these devices. However, both τHT and τDT
reduce at higher T, possibly due to the increased interaction
with phonons at elevated T. Importantly, both hole capture
and emission processes are fast (compared to the other sub-
components) in the BAT framework. This is in contrast to
Comphy, which relies on widely distributed (several orders of
magnitude) time constants for the hole capture and emission
processes, see [13] and related reports.

E. MULTI-CYCLE STRESS-RECOVERY ANALYSIS
Fig. 14 left panels plot the measured and modeled �VT time
kinetics for various (a) DC stress and recovery bias cycles,
(b, c) mixed DC stress and AC stress, and (d-f) mixed DC
stress-recovery and AC stress for the D2 device. The corre-
sponding right panels show the respective contributions from
�VIT and �VHT subcomponents. The �VOT component is
not shown as it is negligible in high N% D2 devices [12].
Fig. 15 left panels plot the measured and modeled �VT time

FIGURE 14. Time evolution of measured (symbols) and modeled (lines)
�VT for various mixed DC-AC stress (left panels) and the underlying
subcomponents (right panels), for (a) DC stress-recovery cycle with varying
VGSTR and VREC, (b) AC stress / DC stress / AC stress, (c) DC stress / AC
stress / DC stress, (d) DC stress-recovery / AC stress / DC stress-recovery,
and DC stress-recovery / AC stress / DC stress-recovery with
different (e) time and (f) VGSTR (and/or VGREC) for DC and AC segments.
D2 devices are used, from [15].

kinetics during AC stress under varying VGSTR, f and PDC
for the D2 devices. The right panels, once again, plot the
respective contributions from �VIT and �VHT subcompo-
nents. Both Fig. 14 and Fig. 15 model a wide combination
of measurements by the ABDWT enabled BAT framework,
without making any parameter re-adjustment than that used
for modeling simple stress-recovery kinetics. It is noteworthy
that for only DC stress data modeling, the �VHT sub-
component saturates fast and does not have any significant
contribution on overall �VT at a longer time. However, in
the subcomponent plots (right panels) of both Fig. 14 and
Fig. 15, the �VHT component shows a significant contribu-
tion on overall �VT as the pulse ON (∼stress) times are
short. Nevertheless, the ABDWT model intrinsically handles
all cases without any parameter re-adjustments.

F. MODELING OF AC DEGRADATION
The above experiments (Fig. 14 and Fig. 15) use low f AC
pulse to show the cycle-by-cycle modeling capability. Higher
f AC stress kinetics (up to 1MHz) has been modeled cycle-
by-cycle using the BAT framework in [12], [17], [19], the
�VHT component has been found to be negligible at longer
tSTR. The reader may refer to the original reports for further
details.
Fig. 16 plots the measured and modeled fixed time �VT

as a function of PDC for (a) Mode-A and (b) Mode-B AC
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FIGURE 15. Time evolution of measured (symbols) and modeled (lines)
�VT for AC stress (left panels) and the underlying subcomponents (right
panels), for variation in (a) f, (b) f and VGSTR, (c) VGSTR, and (d) PDC.
D2 devices are used, from [15].

FIGURE 16. Fixed time measured (symbols) and modeled (lines) �VT for
AC stress under (a) Mode-A and (b) Mode-B as a function of PDC at fixed f
but with different VGLOW, and under both Mode-A and Mode-B as
a function of f for different (c) VGLOW at 50% PDC and (d) PDC at 0V
VGLOW. The gate pulse for Mode-A and Mode-B stresses are illustrated.
D1 devices are used, from [15].

stress, with different VGLOW but with fixed f, and Mode-A
and Mode-B AC stress as a function of f with (c) fixed
PDC but different VGLOW and (d) fixed VGLOW but differ-
ent PDC. The AC stress modes are illustrated, and VGLOW
is the pulse low bias, which is equivalent to VGREC for DC

stress-recovery experiments. D1 devices are used, a sim-
ilar exercise is reported in [15] for D2 devices, and all
simulations are done using the ABDWT-BAT framework.
The model can explain S-shaped PDC dependence together
with the kink near DC that depends on experimental con-
ditions (stress mode and VGLOW). It can also explain the
f dependence (for Mode-A) or f independence (for Mode-
B) of AC stress, at different experimental conditions (PDC,
VGLOW). No parameters are re-adjusted between DC and
AC stress with the exception of empirical �VOT model pre-
factor, see [12], [17], [19] for additional details, and also
see [31] for further details on the f dependence of bulk trap
generation.

V. CONCLUSION
The BAT framework used earlier to model the NBTI stress-
recovery kinetics is now enhanced using ABDWT for the
hole trapping-detrapping component. The ABDWT enabled
BAT is able to explain a wide range of experimental
data under DC and AC stress with just three process-
dependent parameters for the ABDWT model, all the other
BAT parameters remain the same as before. The time con-
stants associated with the fast recovery of interface trap
generation, due to electron capture in TTOM, is also verified
using ABDWT. The enhanced BAT framework is validated
against different types of devices.

REFERENCES
[1] S. Pae et al., “BTI reliability of 45 nm high-K + metal-gate process

technology,” in Proc. IEEE Int. Rel. Phys. Symp., Phoenix, AZ, USA,
2008, pp. 352–357, doi: 10.1109/RELPHY.2008.4558911.

[2] C. Ndiaye, V. Huard, R. Bertholon, M. Rafik, X. Federspiel, and
A. Bravaix, “Layout dependent effect: Impact on device performance
and reliability in recent CMOS nodes,” in Proc. IEEE Int. Integr. Rel.
Workshop (IIRW), South Lake Tahoe, CA, USA, 2016, pp. 24–28,
doi: 10.1109/IIRW.2016.7904894.

[3] S. Ramey et al., “Intrinsic transistor reliability improvements from
22nm tri-gate technology,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS),
Anaheim, CA, USA, 2013, pp. 1–5, doi: 10.1109/IRPS.2013.6532017.

[4] H. Lee, C.-H. Lee, D. Park, and Y.-K. Choi, “A study of negative-
bias temperature instability of SOI and body-tied FinFETs,” IEEE
Electron Device Lett., vol. 26, no. 5, pp. 326–328, May 2005,
doi: 10.1109/LED.2005.846587.

[5] M. Wang et al., “Bias temperature instability reliability in
stacked gate-all-around nanosheet transistor,” in Proc. IEEE Int.
Rel. Phys. Symp. (IRPS), Monterey, CA, USA, 2019, pp. 1–6,
doi: 10.1109/IRPS.2019.8720573.

[6] S. Mahapatra, V. Huard, A. Kerber, V. Reddy, S. Kalpat, and
A. Haggag, “Universality of NBTI—From devices to circuits and
products,” in Proc. IEEE Int. Rel. Phys. Symp., Waikoloa, HI, USA,
2014, pp. 1–8, doi: 10.1109/IRPS.2014.6860615.

[7] V. Huard, “Two independent components modeling for negative bias
temperature instability,” in Proc. IEEE Int. Rel. Phys. Symp., Anaheim,
CA, USA, 2010, pp. 33–42, doi: 10.1109/IRPS.2010.5488857.

[8] T. Grasser et al., “The paradigm shift in understanding the bias
temperature instability: From reaction–diffusion to switching oxide
traps,” IEEE Trans. Electron Devices, vol. 58, no. 11, pp. 3652–3666,
Nov. 2011, doi: 10.1109/TED.2011.2164543.

[9] S. Mahapatra et al., “A comparative study of different physics-
based NBTI models,” IEEE Trans. Electron Devices, vol. 60, no. 3,
pp. 901–916, Mar. 2013, doi: 10.1109/TED.2013.2238237.

[10] J. H. Stathis, S. Mahapatra, and T. Grasser, “Controversial
issues in negative bias temperature instability,” Microelectron.
Rel., vol. 81, pp. 244–251, Feb. 2018. [Online]. Available:
https://doi.org/10.1016/j.microrel.2017.12.035

VOLUME 8, 2020 1287

http://dx.doi.org/10.1109/RELPHY.2008.4558911
http://dx.doi.org/10.1109/IIRW.2016.7904894
http://dx.doi.org/10.1109/IRPS.2013.6532017
http://dx.doi.org/10.1109/LED.2005.846587
http://dx.doi.org/10.1109/IRPS.2019.8720573
http://dx.doi.org/10.1109/IRPS.2014.6860615
http://dx.doi.org/10.1109/IRPS.2010.5488857
http://dx.doi.org/10.1109/TED.2011.2164543
http://dx.doi.org/10.1109/TED.2013.2238237


CHOUDHURY et al.: MODELING OF DC - AC NBTI STRESS - RECOVERY TIME KINETICS

[11] S. Mahapatra and N. Parihar, “A review of NBTI mechanisms
and models,” Microelectron. Rel., vol. 81, pp. 127–135, Feb. 2018.
[Online]. Available: https://doi.org/10.1016/j.microrel.2017.12.027

[12] N. Parihar, N. Goel, S. Mukhopadhyay, and S. Mahapatra, “BTI
analysis tool—Modeling of NBTI DC, AC stress and recov-
ery time kinetics, nitrogen impact, and EOL estimation,” IEEE
Trans. Electron Devices, vol. 65, no. 2, pp. 392–403, Feb. 2018,
doi: 10.1109/TED.2017.2780083.

[13] G. Rzepa et al., “Comphy—A compact-physics framework for unified
modeling of BTI,” Microelectron. Rel., vol. 85, pp. 49–65, Jun. 2018,
doi: 10.1016/j.microrel.2018.04.002.

[14] S. Desai et al., “A comprehensive AC/DC NBTI model: Stress, recov-
ery, frequency, duty cycle and process dependence,” in Proc. IEEE
Int. Rel. Phys. Symp. (IRPS), Anaheim, CA, USA, 2013, pp. 1–11,
doi: 10.1109/IRPS.2013.6532117.

[15] N. Choudhury, N. Parihar, N. Goel, A. Thirunavukkarasu, and
S. Mahapatra, “A model for hole trapping-detrapping kinetics dur-
ing NBTI in p-Channel FETs: (Invited paper),” in Proc. 4th IEEE
Electron Devices Technol. Manuf. Conf. (EDTM), Penang, Malaysia,
2020, pp. 1–4, doi: 10.1109/EDTM47692.2020.9117913.

[16] N. Choudhury, N. Parihar, and S. Mahapatra, “Analysis of the hole
trapping detrapping component of NBTI over extended temperature
range,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS), Dallas, TX, USA,
2020, pp. 1–5, doi: 10.1109/IRPS45951.2020.9129245.

[17] N. Parihar, U. Sharma, R. G. Southwick, M. Wang, J. H. Stathis,
and S. Mahapatra, “Ultrafast measurements and physical modeling of
NBTI stress and recovery in RMG FinFETs under diverse DC–AC
experimental conditions,” IEEE Trans. Electron Devices, vol. 65, no. 1,
pp. 23–30, Jan. 2018, doi: 10.1109/TED.2017.2773122.

[18] N. Parihar, R. G. Southwick, M. Wang, J. H. Stathis, and S. Mahapatra,
“Modeling of NBTI kinetics in RMG Si and SiGe FinFETs, part-I:
DC stress and recovery,” IEEE Trans. Electron Devices, vol. 65, no. 5,
pp. 1699–1706, May 2018, doi: 10.1109/TED.2018.2819023.

[19] N. Parihar, R. G. Southwick, M. Wang, J. H. Stathis, and
S. Mahapatra, “Modeling of NBTI kinetics in replacement metal
gate Si and SiGe FinFETs—Part-II: AC stress and recovery,” IEEE
Trans. Electron Devices, vol. 65, no. 5, pp. 1707–1713, May 2018,
doi: 10.1109/TED.2018.2819020.

[20] V. Huard et al., “Key parameters driving transistor degrada-
tion in advanced strained SiGe channels,” in Proc. IEEE Int.
Rel. Phys. Symp. (IRPS), Burlingame, CA, USA, 2018, pp. 1–6,
doi: 10.1109/IRPS.2018.8353699.

[21] N. Parihar et al., “Modeling of process (Ge, N) dependence and
mechanical strain impact on NBTI in HKMG SiGe GF FDSOI
p-MOSFETs and RMG p-FinFETs,” in Proc. Int. Conf. Simulat.
Semicond. Processes Devices (SISPAD), Austin, TX, USA, 2018,
pp. 167–171, doi: 10.1109/SISPAD.2018.8551724.

[22] N. Parihar, R. Tiwari, and S. Mahapatra, “Modeling channel length
scaling impact on NBTI in RMG Si p-FinFETs,” in Proc. Int. Conf.
Simulat. Semicond. Process. Devices (SISPAD), Austin, TX, USA,
2018, pp. 176–180, doi: 10.1109/SISPAD.2018.8551740.

[23] A. Chaudhary, B. Fernandez, N. Parihar, and S. Mahapatra,
“Consistency of the two component composite modeling frame-
work for NBTI in large and small area p-MOSFETs,” IEEE
Trans. Electron Devices, vol. 64, no. 1, pp. 256–263, Jan. 2017,
doi: 10.1109/TED.2016.2630311.

[24] N. Parihar, R. Anandkrishnan, A. Chaudhary, and S. Mahapatra,
“A comparative analysis of NBTI variability and TDDS in GF
HKMG planar p-MOSFETs and RMG HKMG p-FinFETs,” IEEE
Trans. Electron Devices, vol. 66, no. 8, pp. 3273–3278, Aug. 2019,
doi: 10.1109/TED.2019.2920666.

[25] S. Mahapatra and N. Parihar, “Modeling of NBTI using BAT
framework: DC–AC stress-recovery kinetics, material, and process
dependence,” IEEE Trans. Device Mater. Rel., vol. 20, no. 1, pp. 4–23,
Mar. 2020, doi: 10.1109/TDMR.2020.2967696.

[26] R. Tiwari et al., “A 3-D TCAD framework for NBTI—Part-I:
Implementation details and FinFET channel material impact,” IEEE
Trans. Electron Devices, vol. 66, no. 5, pp. 2086–2092, May 2019.

[27] R. Tiwari et al., “A 3-D TCAD framework for NBTI, part-II: Impact
of mechanical strain, quantum effects, and FinFET dimension scal-
ing,” IEEE Trans. Electron Devices, vol. 66, no. 5, pp. 2093–2099,
May 2019.

[28] S. Bhagdikar and S. Mahapatra, “A stochastic hole trapping-detrapping
framework for NBTI, TDDS and RTN,” in Proc. Int. Conf. Simulat.
Semicond. Process. Devices (SISPAD), Udine, Italy, 2019, pp. 1–4,
doi: 10.1109/SISPAD.2019.8870524.

[29] S. Mahapatra, N. Goel, A. Chaudhary, K. Joshi, and S. Mukhopadhyay,
“Characterization methods for BTI degradation and associated gate
insulator defects,” in Fundamentals of Bias Temperature Instability
in MOS Transistors (Springer Series in Advanced Microelectronics),
1st ed., S. Mahapatra, Ed. New Delhi, India: Springer, 2015,
pp. 43–92.

[30] D. V. Lang and R. A. Logan, “A study of deep levels in GaAs
by capacitance spectroscopy,” J. Electron. Mater., vol. 4, p. 1053,
Oct. 1975. [Online]. Available: https://doi.org/10.1007/BF02660189

[31] N. Parihar, U. Sharma, R. G. Southwick, M. Wang, J. H. Stathis, and
S. Mahapatra, “On the frequency dependence of bulk trap generation
during AC stress in Si and SiGe RMG P-FinFETs,” in Proc. IEEE
Int. Rel. Phys. Symp. (IRPS), Monterey, CA, USA, 2019, pp. 1–8,
doi: 10.1109/IRPS.2019.8720577.

1288 VOLUME 8, 2020

http://dx.doi.org/10.1109/TED.2017.2780083
http://dx.doi.org/10.1016/j.microrel.2018.04.002
http://dx.doi.org/10.1109/IRPS.2013.6532117
http://dx.doi.org/10.1109/EDTM47692.2020.9117913
http://dx.doi.org/10.1109/IRPS45951.2020.9129245
http://dx.doi.org/10.1109/TED.2017.2773122
http://dx.doi.org/10.1109/TED.2018.2819023
http://dx.doi.org/10.1109/TED.2018.2819020
http://dx.doi.org/10.1109/IRPS.2018.8353699
http://dx.doi.org/10.1109/SISPAD.2018.8551724
http://dx.doi.org/10.1109/SISPAD.2018.8551740
http://dx.doi.org/10.1109/TED.2016.2630311
http://dx.doi.org/10.1109/TED.2019.2920666
http://dx.doi.org/10.1109/TDMR.2020.2967696
http://dx.doi.org/10.1109/SISPAD.2019.8870524
http://dx.doi.org/10.1109/IRPS.2019.8720577


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


