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Degradation induced by the negative bias temperature instability (NBTI) can be attributed to three mutually uncoupled
physical mechanisms, i.e., the generation of interface traps (AVir), hole trapping in pre-existing gate oxide defects (AVyr),
and the generation of gate oxide defects (AVpr). In this work, the characteristic of NBTI for p-type MOSFET fabricated by
using a 28-nm high-k metal gate (HKMG) process is thoroughly studied. The experimental results show that the degradation
is enhanced at a larger stress bias and higher temperature. The effects of the three underlying subcomponents are evaluated
by using the comprehensive models. It is found that the generation of interface traps dominates the NBTI degradation
during long-time NBTI stress. Moreover, the NBTI parameters of the power-law time exponent and temperature activation
energy as well as the gate oxide field acceleration are extracted. The dependence of operating lifetime on stress bias and
temperature is also discussed. It is observed that NBTI lifetime significantly decreases as the stress increases. Furthermore,
the decrease of charges related to interface traps and hole detrapping in pre-existing gate oxide defects are used to explain

the recovery mechanism after stress.

Keywords: negative bias temperature instability (NBTI), high-k metal gate (HKMG), threshold voltage shift,

interface trap, gate oxide defect
PACS: 85.30.De, 73.40.Qv, 72.20.Jv

1. Introduction

With transistors scaling down, high-k metal gate
(HKMG) has become a significant technology for 28-nm ad-
vanced process.!!! However, negative bias temperature insta-
bility (NBTI) has become a very important research subject
in HKMG devices.>! In a real circuit, it could seriously de-
grade some important parameters, such as the mobility, the
threshold voltage (Vr), the saturation drain current (Ipsar),
and transconductance (gp,).[%13! As a result, the lifetime of
stressed device and the reliability of circuit deteriorate over
time.

The physical mechanism of NBTI has been extensively
investigated through comprehensive models established by
several research groups. Commonly consistent results are
achieved from the fact that three subcomponents contribute to
the degradation of NBTI, i.e., generated interface traps (ANt),
hole traps in pre-existing gate oxide defects (ANyt), and gen-
erated gate oxide traps (ANor).['#'®1 Note that they were
treated as being uncoupled with each other. The generation
of interface traps (ANyT) followed a power-law dependence on
time in long-time NBTI stress and could be well described by
using the double interface reaction—diffusion (RD) model.!”!
For an HKMG device, the interface trap generation (ANyt) was
ascribed to the breaking of Si—H bonds at the Si/interlayer (IL)
interface and the diffusion of hydrogen molecular (H;) gener-
ated by the reaction of hydrogen atoms (H) with X—H bonds

at the IL/high-K interface, with the X representing oxygen or

fCorresponding author. E-mail: xjli @ee.ecnu.edu.cn
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nitrogen-related gate oxide defect. The hole trapping in pre-
existing gate oxide defects (ANyT) was extremely sensitive to
the gate nitriding process since the nitrogen could diffuse into
gate oxide layer and thus creating original defects.!'3-2% Note
that it usually reached to a saturated state within a few sec-
onds. The generation of gate oxide defects (ANor) represents
the contribution of hole trapping to overall degradation that
occurs owing to fresh traps created in thicker gate oxide under
higher stress. For most of HKMG devices with thinner oxide
dielectric, ANoT may be negligible. At the beginning of recov-
ery, a fraction of electrons captured which are associated with
interface traps'?!! and holes detrapped in pre-existing gate ox-
ide defects recover rapidly. After that, the long-time recovery
process dominated the passivation of interface traps, induced

22,231 However, a frac-

by the back diffusion of H, molecules.!
tion of Hy molecules could not be recovered owing to being
locked within the traps during stress.

In this work, we study the characteristics of NBTI degra-
dation and recovery for 28-nm HKMG p-MOSFETs by us-
ing the experimental data and the comprehensive models. The
NBTI parameters including power-law time exponent (), tem-
perature activation energy (E4), and oxide field acceleration
factor (Ig) are extracted. The influence of long-time NBTI
stress biases (Vg_str) and temperatures (7) on device operat-
ing lifetime are accurately evaluated. Furthermore, the long-
time recovery behaviors of devices are also analyzed by using
comprehensive models.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Device and experiment

The p-MOSFETs used in this work were fabricated by the
28-nm HKMG process technology. The device had an equiva-
lent oxide thickness (EOT) of 1.75 nm. In order to evaluate the
influence of NBTI degradation, the values of threshold volt-
age (V1) were obtained under different values of stress Vg_sTtr
(1.4 V, 1.5V, and 1.6 V) and different values of temperature T’
(80 °C, 100 °C, and 125 °C) at fixed stress time tsTr (3000 s).
The fresh threshold voltage (V1¢) of device has been extracted
through the constant current method. The drain to source volt-
age of Vp = 0.05 V was held to keep the device in linear re-
gion, with both source and substrate grounded. As the gate to
source voltage (Vi) increased until the drain current reaches
0.1 uLAxW /L, Vr could be obtained by V. Figure 1 shows
the NBTI measurement setup of HKMG device through us-
ing the measure—stress—measure (MSM) method. Firstly, the
transfer characteristic of fresh device was measured to extract
the V. Then, the stress was applied, and after that the V1 was
measured periodically during the measurement. In this way,
the dependence of threshold voltage shift (AVt) on the fsTR
variation could be obtained.

Va-str
Metal gate
High-K
] Interlayer [
yo 000 o\\P+
N-well
°
R

Fig. 1. Schematic diagram of measurement setup to characterize NBTI stress.

3. Results and discussion
3.1. Degradation characteristics

As mentioned above, the threshold voltage shift induced
by the NBTI in HKMG device is composed of three parts
caused by uncoupled physical mechanisms, i.e., ANiT, ANy,
and ANoT,%! and can be written as

AVp = CL X (ANiT 4+ ANgt + ANor ), ey
0X

where ¢ is the electronic charge, and Cpx is the gate oxide ca-
pacitance. The degradation of the threshold voltage induced
by the interface trap (ANiT) can be described by the double
interface reaction diffusion model!?*?! as shown in Fig. 2(a).
The Si—H bonds are assumed to be located at the Si/IL inter-
face, which is named the first interface of the HKMG device.

The X—H bonds are located at the second interface, which is

defined at some distance away from the first interface. The X
represents oxygen or nitrogen-related defect. When the NBTI
stress is applied, weak covalent Si—H bonds are easily broken
by the collision under the stress, leading to the formation of
unbonded Si or interfacial traps at the Si/IL interface. Ow-
ing to the concentration gradient, the H atoms released from
the broken Si—H bond begin to diffuse towards the gate and
can form H, molecules by reacting with the X—H bond at the
IL/high-K interface. The ANt has a power-law dependence
on time for long-time stress>>2%! and can be written as

ANy = AEox e'TFPox e ~Eart /Ay )

where Eox is the gate oxide field, Eayr is the temperature ac-
tivation, A is the fitting parameter, k7 is the thermal energy, n
is the power-law time exponent, and Iyt is the gate oxide field
acceleration, which are all process-dependent and need mod-
elling for the HKMG process. Moreover, the degradation of
fresh threshold voltage is included in the degradation process
by the calculation of Egx. Using the iterative method, more
accurate result can be obtained from the following equation:

Eox = (Vg_str — V10 —AVr)/EOT. 3)

The temperature activation for interface trap (EaT) consists of
molecular H, diffusion (Eappp), forward breaking (Eaxr) and
reverse passivation (Eaggr) of the Si—H bond.!?’! Hence, it is
written as
2 EapH2
Earr = 3 (EakF — EAkr) + ¢ 4)
Eaxr of 0.2 eV and Eapyy of 0.58 eV are fixed in different

HKMG devices, and Eaxr is the only process-dependent fac-

tor and needs modelling according to the various experimental
data.

(a) H2 HQ (b)
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Fig. 2. Schematic diagram of (a) double interface reaction diffusion
model and (b) hole trapping in pre-existing gate oxide defects during
NBTI degradation.

The hole trapping model and detrapping model are an-

(251 As is well known, a great

other explanation for the NBTIL.
number of defects can be generated inside gate insulator in the
manufacturing process. When gate stress bias is applied, the

holes are trapped by the pre-existing gate oxide defects, which

128502-2



Chin. Phys. B 32, 128502 (2023)

causes these defects to be positively charged, thereby leading
the threshold voltage to shift as shown in Fig. 2(b). The studies
have confirmed that ANy is saturated and reaches a constant
value for long-time stress,?? and can be expressed as

ANyt = BEOXeFHTEOX e_EAHT/kT’ 5)

where the parameter B and oxide field acceleration factor Ifjt
are related to the fabrication process. The temperature activa-
tion energy for ANyt (Eayt) is fixed at a value of 0.052 eV
for different processes. According to the generation mecha-
nism of bulk gate oxide defects, the time evolution of ANgr is
represented by a stretched exponential form,[??! and it is ex-

pressed as
ANot :C(l 7e(_f/W)ﬁ0T)’ (6)

where the parameter Sor = 0.33 is kept unchanged for vari-
ous processes, and C is related to the fabrication process. It
is important to remark that trap generation in gate insulator is
negligible for HKMG devices owing to thinner EOT at lower
Vo_str. 128291 In this work, ANgr is not considered for this

low voltage core logic device.
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Fig. 3. Curves of measured (symbols) and model-calculated AVy, AVir,
AVyr subcomponents (lines) at 125 °C, Vg_str of —1.4 V (a) and
—1.6 V (b), respectively.
Figure 3 shows the time evolutions of measured and cal-
culated AVt as well as its subcomponents for HKMG devices

at Vg_str = 1.4 V and 1.6 V, respectively. Note that the

ANor is negligible and the overall degradation only consid-
ers the ANyt and ANyt subcomponents. It can be seen that
the experimental data are consistent with the calculations from
the model for the NBTI degradation. The time evolution of
AVt increases rapidly at the onset of stress and shows the
power-law dependence for long stress time. It can be observed
that the ANt dominates the majority of AVt during the NBTI
stress, whereas the ANy is saturated in a few seconds and then
keeps constant. The reason is that the contribution from the
generated interface traps continuously increases for long stress
time, however, the hole trapping in pre-existing bulk gate ox-
ide defects is a fast process. The ANit also shows a power-law
time dependence and increases as the Vg_gTR increases. Given
fsTrR = 3 % 103 s, when the V_grr reaches 1.4 V, the contri-
bution from ANyt is 24.67 mV compared with 37.38 mV as
the Vg_str becomes 1.6 V. However, the contribution from
the ANgt changes slightly as the Vg_sTr increases, giving
5.2 mV@V(}fsTR =14 V, 7.9 mV@V(}fsTR =1.6 V, respec-
tively. Figure 4 shows the time evolutions of measured and
calculated AVt at different values of Vg_str and temperature,
demonstrating that the experimental data can be accurately

predicted by the models.

(a) T=125°C
Line: model solution

O Va_str=—-1.6 V
O Vg_gtr=—1.5V
A Vagrn=—1.4V

1000 1500 2000 2500 3000
Stress time (s)

0 500

s0L (b) Vastr=—1.5V
Line: model solution
401
> 5ol
é 30
o
4 20
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10 O T=100 *C
< T=80"C
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Fig. 4. Curves of measured (symbols), model-calculated AV (lines) for
different values of Vg_str (2) and temperature (b), with identical model
parameters used. The extracted parameters: (q/Cox) X A = 4.2
1070 (1/ecm-s%18), Iir (= Iiyr) = 0.24 (cm/MV), Eagg = 0.205 eV,
n=0.18, (¢/Cox) x B =932 x 1010 (1/cm), C = 0 (AVor is negli-
gible for HKMG devices at low stress bias).
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Furthermore, the dependence of relative contributions
from underlying ANyt and ANyt on temperature and fsTr are
analyzed. Figures 5(a) and 5(b) show the evolution of relative
contributions from ANyt and ANyt to the accumulated degra-
dation versus T at fixed Vg_str = 1.5 V but different tgTRr,
respectively. It can be seen that ANjt has a strong dependence
on tsTR, longer fstr larger AVit. The relative contribution of
ANyt can reach up to 90% for the longest stress time even at
room temperature, as shown in Fig. 5(a). ANjt contributes the
most degradation and the impact of ANyt weakens over longer
tsTrR- On the contrary, when TR is short enough, the relative
contribution from ANyt is higher because the hole trapping in
pre-existing gate insulator can be saturated in few seconds, as
shown in Fig. 5(b).

100
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& 901
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g
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Fig. 5. Relative contributions versus temperature for different values of
AViT/tsTR (a) and AVyr /fsTR (D).

The dependence of NBTI degradation on channel length
in HKMG p-MOSFETs is also studied. Taking the channel
length into account, equation (1) can be revised as follows:

AVy = Ci x L x (ANiT + ANyt + ANor) (7)

0X
where L is the channel length, and m is the fitting parame-
ter. Figure 6 shows the time evolution of AVt under the fixed
VG—str and T, for the different channel lengths. The shorter
the length L, the less the NBTI degradation is; as the L shrinks

from 1000 nm to 30 nm, the NBTI degradation decreases from
36.9 mV to 12.7 mV at tgr = 3000 s, correspondingly. The
root cause is that in the post-gate high-temperature process
steps in oxygen atmosphere, the oxygen diffuses into the high-
k layer at the corners of active-gate overlapping region and
annihilates the positively charged oxygen vacancies.[3" This
process reduces the average number of oxygen vacancies per
gate area in narrow and short device, and thus the NBTI degra-
dation is also alleviated.

4
0 Vo_str=—1.5 V/T=125°C
Line: model solution
30
S
g
~ 20
RS
<
10
& L=1000 nm O L =500 nm
AL =50 nm V L =30 nm
O 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Stress time (s)

Fig. 6. Time evolutions of AVt for different channel lengths at fixed
Vg—str of —1.5 V at T = 125 °C, and the extracted parameters:
m = 0.37 for different values of L.

From a practical point of view, it is essential to estimate
the working lifetime of the device. The working lifetime of
HKMG device is defined as the length of working time be-
fore its threshold voltage shift exceeds 50 mV.[*! Figure 7
illustrates the variations of operating lifetime with Vg_gtRr at
different values of T, calculated from the model together with
the extracted parameters. The model prediction shows that the
higher Vg_str and 7 lead to the higher NBTI degradation.
Consequently, the NBTT lifetime is significantly reduced as
well.

1010
k ~ 10 years

: <> - Measured data

102F --- T=25°C
F — —T=80°C
10 —— T7=125"°C
—2 L 1 " 1 " 1 " 1 L
10 0.8 1.0 1.2 1.4 1.6 1.8
Va-str (V)

Fig. 7. Variations of NBTI lifetime with Vg_gtr for HKMG p-
MOSFETs at different temperatures.

3.2. Discussion on NBTI parameters
3.2.1. Power-law time exponent

The AVt versus time shows a power-law dependence un-
der long-time stress. The working lifetime can be significantly

128502-4
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reduced as the time exponent () increases, hence it is essential
to extract the time exponent n for HKMG device. It is observed
that the time evolution of AVt shows a parallel relation to each
other in log—log scale diagram with different Vg_gtr. Then the
value of n can be extracted in the linear regression of measured
AVt versus time evolution in a fixed range of fstr = 1000 s
to 3000 s. Figure 8 shows the power law time exponent (7)
as a function of various Vg_gtr in HKMG p-MOSFET. It is
crucial to find that the degradation shows a similar power-law
time dependence with # of 0.18 for different values of Vg_gtR.
Moreover, it indicates that ANt dominates the degradation un-
der long-time NBTI stress. Note that the measured data are
from the HKMG device with thinner EOT under lower stress

conditions, hence ANor is neglected.

0.30
O Measured data: T=125 °C

= 025} — Fitted line
E 1
S 0.20F n~0.18
Q — | —
% | - L= |-
(3
o 0.15}
£
&= 0.10+

0.05 L L L

1.3 1.4 1.5 1.6 1.7
Va-str (V)

Fig. 8. Extracted power-law time exponent n versus Vg_str, measured
and fitted at T = 125 °C.

3.2.2. Temperature-activation energy

Figure 9 shows the measured AVt as a function of T
at a fixed fstr of 2000 s. It is clear that AVt presents the
linear dependence of 7 on a semi-log scale, and hence the
temperature-activation energy (Ea) which is close to 0.096 eV
is extracted from Fig. 9. It is important to remark that ANt
contributes most of degradation, and the Eayt (0.052 eV) of
ANp7!10! is lower than that of ANjT. On the one hand, the time
evolution of ANt is mainly determined by the diffusion of

45
40 Ex~0.096 ¢V
35F

30F

25F

20F
[0 Measured data: Vg_str=—1.5 V

——Fitted line

15 1 1 1 1
28 30 32 34

(1/kT) (eV1)
Fig. 9. Measured AVr as a function of temperature at fixed fstr of
2000 s.

molecular Hy under long-time stress. The Eagr for forward
breaking is close to the Eagr for reverse passivation of the
Si—H bond. It can be seen that Exry of ANyt is similar to that
of Eapma/6 (about 0.1 eV), whereas Eapyy is temperature-
activation of H, molecular diffusion. As a result, the extracted
Ex (0.096 eV) is slightly lower than 0.1 eV when the contri-

bution of ANy is considered.

3.2.3. Field acceleration factor

As discussed above, the hole trapping in inverse layer
leads Si—H bonds to break and defects to generate at the Si/IL
interface, resulting in an increase in ANyr. Similarly, the hole
trapping in pre-existing gate oxide defects makes ANgr ac-
cumulate. AN and ANyt have the same Egx dependence
(It = I'yt). Figure 10 shows the measured AVt as a function
of Epx at given stress time fsTr = 3000 s. The oxide field ac-
celeration (Ig) is also extracted from the slope of fitting line,
giving a value of 0.231 cm/MV.

7
7 of
g
=
S 5F
-
=
5 I'z~0.231 cm/MV
S
£
4 [ Measured data: T'=125 °C

——Fitted line
3 1 1
5 6 7 8

E()X (MV/Cm)
Fig. 10. Measured and fitted AVy as a function of stress Egx at fixed
tstr and T = 125 °C.

3.3. Recovery characteristics

Once the gate stress is removed, the energy of a fraction of
ANt may move below the Fermi level of substrate and recover
rapidly by capturing electrons within a few seconds. Then,
the remaining part of ANyt recovers owing to the back diffu-
sion of Hy and H, which leads to the passivation of the broken
bonds at the interface. It is important to remark that this is a
slow process. The double interface reaction diffusion model
can predict the physics process of slow recovery. At the be-
ginning, the H, molecule reacts with the broken X-bonds at
the IL/high-K interface and generates H atoms. After that, the
H atoms diffuse towards the Si/IL interface and passivate the
broken Si bonds, resulting in the recovery of ANr. Of course,
the probability of H, finding the interface defects decreases as
the recovery time lapses, which can be expressed as the de-

crease of diffusion coefficient of H, with time. Note that a
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fraction of H species may be locked by the defects, resulting
in a permanent degradation that cannot be recovered. 3!

Furthermore, the recovery of pre-existing and generated
gate insulator defects is a fast process that is depicted by hole
detrapping when the stress voltage is withdrawn. Because the
trap generation in gate insulator is negligible for thinner EOT
device and lower Vg_gstR, the recovery due to ANgr is also
excluded during NBTI recovery.

As a result, the overall recovery of threshold voltage shift
consists of fast electron capturing (AVir}), slow recovery of in-
terface traps (AVir2), and fast hole detrapping of pre-existing
gate insulator traps (AVugr). The total recovery can be ex-

pressed as

AV = AVit) + AVirs + AVir. (®)

In order to assess the contribution of AViT; to overall recovery,
an analytical model extrapolated from double interface reac-

tion diffusion theory is used to calculate AVit; that is written
[32]
as

AVit2 = AVito (1 — Frast) & + AVito (1 — Frast) (1 — o)

EtreC
ISTR + IREC

€))

where Fpast denotes the fast recovery component of ANMt, o
is the scaling factor of non-recoverable component due to H
species locked in the trap, and & represents the decrease of Hy
diffusion with time going by. Note that the parameter £ can
be approximately treated as a constant when frpc < tSTR.mJ
AVirg is the total degradation before the recovery starts, and
can be obtained by using the NBTI stress model. The em-
pirical expression describing the fast recovery contribution of

AViti and AVyr are, respectively, proposed®?! as follows:

Bec
f
AViT1 = AVito - FRAST - €Xp | — <,1;EECC> , (10)

tREC)ﬁREC an

AVHT = AVHTO eXp | — < TREC

where Tgc is the electron capture time constant, and Trgc iS
the hole detrapping time constant. The stretched-exponential
form is used to describe the time constant dispersion with the
parameters Bgc and Brec, and AVyry is also obtained from the
NBTI stress model discussed above.
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Fig. 11. Measured and calculated AVt as well as its underlying subcompo-
nents recovery (AVit, AVit2, and AVyyr) as a function of recovery time after
different values of NBTI Vg_gtr and temperature during Vg_rgc =0 V.
And the extracted parameters: (1 — Fpast)(1 — )& 1/2 = 0.3, Fpast = 0.02,
TEC = 0.82, ﬁEC =0.36, TREC = 0.5, and ﬁREC =0.23.

Figure 11 plots the time evolution of measured and calcu-
lated AVt recovery under stress for different values of Vg_stR
and T, in which the underlying three subcomponents calcu-
lated by the models are also shown. It is clear that the process
of electron capturing and hole detrapping recover fast. The
long-time recovery occurs based on the trap passivation in-

duced by the slow back diffusion of Hj.
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Fig. 12. Time kinetics of relative contribution from AVit;, AVit2, and AV to the remaining overall degradation at rstr = 100 s (a), 300 s (b), and 10° s (c),
and the time kinetics of relative contribution from AVit;, AViT2, AVhr, and AVt to the initial degradation before recovery at rstr = 100 s (d), 300 s (e), and
106 S (f), with VG—STR =-1.5 V, VG—REC =0 V, and T = 125 °C.
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Figure 12 shows the time evolution of the calculated AV
and underlying AViT1, AViT2, and AVyr by using the compre-
hensive model and extracted parameters. It is observed that as
the stress time decreases, the contribution of AVyr increases.
Consequently, the overall recovery turns out to be faster. For
the stress times such as 100 s, 3000 s, and 10° s, shown in
Figs. 12(a)-12(c), the recovery times for AVir, which con-
tributes to 99% of the remaining degradation are 200 s, 60 s,
and 20 s, respectively, demonstrating that AV, dominates the
slow process through H, back diffusion during long-time re-
covery.

Figure 13 shows the time evolution of the measured and
the calculated AVt, and its underlying subcomponents at dif-
ferent values of NBTI Vg_str and T for the p-MOSFETs. The
comprehensive models fit the measured data well. It is note-
worthy that about 34% of overall degradation for these devices
recovers at 2000 s. For the stress voltage of 1.4 V, 1.5V, and
1.6 'V, the recovery at 125 °C after 2000 s reaches to 31.4%,
34.9%, and 34.7%, respectively. For Vg_str = 1.5 V and
T = 80 °C, the recovery also arrives at 35.8%.

50
| O T=125°C/Va_grr=1.6 V
45 PO T=125 °C/Va_str=15V
r <] T=125°C/Vg_srr=1.4 V
OO T=80°C/Vesrr=1.5V
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Fig. 13. Time evolution of measured and calculated AVt recovery for
different values of NBTI Vg_gTr and temperature.

4. Conclusions

In summary, the NBTI characteristics of degradation and
recovery are studied for 28-nm HKMG p-MOSFETs by using
comprehensive models. It is shown that the extracted parame-
ters reflect the long-time NBTI characteristics well. The con-
tribution of the independent underlying subcomponents AVt
and AVy to overall degradation is calculated, and the results
indicate that the AViT dominated the NBTI degradation during

stress experiments. The reason behind this behavior is that the

AVit shows power-law time dependence of n = 0.18 at long-
time degradation, while AVyt is saturated in a few seconds.
Meanwhile, NBTI parameters including the power-law time
exponent of 0.18, temperature activation energy of 0.096 eV,
and gate oxide field acceleration factor of 0.231 cm/MV are
all extracted based on experimental data. The results in this
work also provide a reference for reliable design by discussing
the dependence of lifetime on stress, voltage and temperature.
The main physical mechanism for recovery process of thresh-
old voltage degradation after NBTI stress is confirmed to be

the passivation of interface traps due to back diffusion of H.

References

[1] Ritzenthaler R, Schram T, Spessot A, Caillat C, Cho M, Simoen E,
Aoulaiche M, Albert J, Chew S, Noh K B, Son Y, Mitard J, Mocuta A,
Horiguchi N, Fazan P and Thean 2016 IEEE Trans. Electron Dev. 63
265

[2] Neugroschel A, Bersuker G, Choi R and Lee B H 2008 IEEE T. Dev.
Mater. Rel. 8 47

[3] Mahapatra S, De S, Joshi K, Mukhopadhyay S, Pandey R K and Murali
K V 2013 IEEE Electron Dev. Lett. 34 963

[4] Yang H, Hwang W and Chuang C 2011 IEEE T. VLSI. Syst. 19 1192

[5] Wahab Y A, Soin N, Shahabuddin S and Hussin H 2014 IEEE Interna-
tional Conference on Semiconductor Electronics, 27-29 August, 2014,
Kuala Lumpur, Malaysia, p. 209

[6] XuR R, Zhang Q Z, Zhou L D, Yang H, Gai T Y, Yin H X and Wang
W W 2022 Chin. Phys. B 31 017301

[71 Cao Y R, Yang Y, Cao C, He W L, Zheng X F, Ma X H and Hao Y
2015 Chin. Phys. B 24 097304

[8] Tang HL, Xu B L, Zhuang Y Q, Zhang L and Li C 2016 Acta Phys.
Sin. 65 168502 (in Chinese)

[9] Zhang Y, PuS, Lei X Y, Chen Q, Ma X H and Hao Y 2013 Chin. Phys.
B22 117311

[10] XuH, Yang H, Wang Y R, Wang W W, Luo W C, Qi L W, Li J F, Zhao
C, Chen D P and Ye T C 2016 Chin. Phys. B 25 087306

[11] Eghbalkhah B, Gharavi S A K, Afzali-Kusha A and Ghaznavi-
Ghoushchi M B 2013 International Conference on Design & Technol-
ogy of Integrated Systems in Nanoscale Era, 26-28 March, 2013, Abu
Dhabi, United Arab Emirates, p. 151

[12] Schlunder C, Proebster F, Berthold J, Gustin W and Reisinger H 2015
IEEE International Integrated Reliability Workshop, 11-15 October,
2015, South Lake Tahoe, USA, p. 81

[13] Parihar N, Goel N, Chaudhary A and Mahapatra S 2016 IEEE Trans.
Electron Dev. 63 946

[14] Goel N, Joshi K, Mukhopadhyay S, Nanaware N and Mahapatra S 2014
Microelectron. Rel. 54 491

[15] Mukhopadhyay S, Goel N and Mahapatra S 2016 IEEE Trans. Electron
Dev. 63 4038

[16] Joshi K, Mukhopadhyay S, Goel N, Nanware N and Mahapatra S 2014
IEEE Trans. Electron Dev. 61 408

[17] Naphade T, Goel N, Nair P R and Mahapatra S 2013 [EEE Interna-
tional Reliability Physics Symposium, 14-18 April, 2013, Monterey,
USA, p. XT.5.1

[18] Boo A A and Ang D S 2012 [EEE Trans. Electron Dev. 59 3133

[19] Lee J and Oates A S 2010 IEEE T. Device Mater. Rel. 10 174

[20] Hussin H, Muhamad M, Abdul Wahab Y, Shahabuddin S, Soin N and
Bukhori M F 2013 IEEE International Conference of Electron Devices
and Solid-State Circuits, 3-5 June, 2013, Hong Kong, China, p. 1

[21] Islam A E, Kumar E N, Das H, Purawat S, Maheta V, Aono H, Mu-
rakami E, Mahapatra S and Alam M A 2007 IEEE International Elec-
tron Devices Meeting, 10-12 December, 2007, Washington, USA,
p. 805

[22] Mahapatra S (ed.) 2016 Fundamentals of Bias Temperature Instability
in MOS Transistors (New Delhi: Springer), pp. 209-263

128502-7


https://doi.org/10.1109/TED.2015.2501721
https://doi.org/10.1109/TED.2015.2501721
https://doi.org/10.1109/TDMR.2008.916294
https://doi.org/10.1109/TDMR.2008.916294
https://doi.org/10.1109/LED.2013.2270003
https://doi.org/10.1109/TVLSI.2010.2049038
https://doi.org/10.1109/SMELEC.2014.6920833
https://doi.org/10.1109/SMELEC.2014.6920833
https://doi.org/10.1109/SMELEC.2014.6920833
https://doi.org/10.1088/1674-1056/ac1410
https://doi.org/10.1088/1674-1056/24/9/097304
https://doi.org/10.7498/aps.65.168502
https://doi.org/10.7498/aps.65.168502
https://doi.org/10.1088/1674-1056/22/11/117311
https://doi.org/10.1088/1674-1056/22/11/117311
https://doi.org/10.1088/1674-1056/25/8/087306
https://doi.org/10.1109/DTIS.2013.6527796
https://doi.org/10.1109/DTIS.2013.6527796
https://doi.org/10.1109/DTIS.2013.6527796
https://doi.org/10.1109/IIRW.2015.7437073
https://doi.org/10.1109/IIRW.2015.7437073
https://doi.org/10.1109/IIRW.2015.7437073
https://doi.org/10.1109/TED.2016.2519455
https://doi.org/10.1109/TED.2016.2519455
https://doi.org/10.1016/j.microrel.2013.12.017
https://doi.org/10.1016/j.microrel.2013.12.017
https://doi.org/10.1109/TED.2016.2599854
https://doi.org/10.1109/TED.2016.2599854
https://doi.org/10.1109/TED.2013.2295844
https://doi.org/10.1109/TED.2013.2295844
https://doi.org/10.1109/IRPS.2013.6532120
https://doi.org/10.1109/IRPS.2013.6532120
https://doi.org/10.1109/IRPS.2013.6532120
https://doi.org/10.1109/TED.2012.2214441
https://doi.org/10.1109/TDMR.2009.2039998
https://doi.org/10.1109/EDSSC.2013.6628108
https://doi.org/10.1109/EDSSC.2013.6628108
https://doi.org/10.1109/IEDM.2007.4419070
https://doi.org/10.1109/IEDM.2007.4419070
https://doi.org/10.1109/IEDM.2007.4419070
https://doi.org/10.1007/978-81-322-2508-9
https://doi.org/10.1007/978-81-322-2508-9

Chin. Phys. B 32, 128502 (2023)

[23]

[24]

[25]

[26]

[27]

Mahapatra S, Goel N, Desai S, Gupta S, Jose B, Mukhopadhyay S,
Joshi K, Jain A, Islam A E and Alam M A 2013 IEEE Trans. Electron
Dev. 60 901

Krishnan AT, Chancellor C, Chakravarthi S, Nicollian PE, Reddy V,
Varghese A, Khamankar RB and Krishnan S 2005 IEEE International
Electron Devices Meeting Technical Digest, 5 December, 2005, Tempe,
USA, p. 688

Mabhapatra S, Islam A E, Deora S, Maheta V D, Joshi K, Jain A and
Alam M A 2011 IEEE International Reliability Physics Symposium,
10-14 April, 2011, Monterey, USA, p. 6A.3.1

Alam M A 2003 [EEE International Electron Devices Meeting, 8—10
December, 2003, Washington, USA, p. 345

Chakravarthi S, Krishnan A, Reddy V, Machala C F and Krishnan S
2004 IEEE International Reliability Physics Symposium, 25-29 April,
2004, Phoenix, USA, p. 273

[28]

[29]

[30]

(31]

(32]

[33]

128502-8

Mabheta V D, Olsen C, Ahmed K and Mahapatra S 2008 /[EEE Trans.
Electron Dev. 55 1630

Schlunder C, Hoffmann M, Vollertsen R, Schindler G, Heinrigs W,
Gustin W and Reisinger H 2008 /EEE International Reliability Physics
Symposium, 27-30 April, 2008, Phoenix, USA, p. 79

Duhan P, Rao V R and Mohapatra N R 2017 IEEE Trans. Electron Dev.
64 4018

Guo Z C 2015 Timing Degradation Analysis of Radiation Combined
Effect on Space Digital Circuit, MS Dissertation (Xian: Xidian Uni-
versity) (in Chinese)

Zeng Y,Li X J,Wang YL, SunY B, Shi YL, Guo A, Hu S J, Chen S
M and Zhao Y H 2017 Microelectron. Rel. 75 20

Kumar S V, Kim C H and Sapatnekar S S 2009 /EEE Trans. Dev. Mater.
Rel. 9 537


https://doi.org/10.1109/TED.2013.2238237
https://doi.org/10.1109/TED.2013.2238237
https://doi.org/10.1109/IEDM.2005.1609445
https://doi.org/10.1109/IEDM.2005.1609445
https://doi.org/10.1109/IEDM.2005.1609445
https://doi.org/10.1109/IRPS.2011.5784544
https://doi.org/10.1109/IRPS.2011.5784544
https://doi.org/10.1109/IEDM.2003.1269295
https://doi.org/10.1109/IEDM.2003.1269295
https://doi.org/10.1109/RELPHY.2004.1315337
https://doi.org/10.1109/RELPHY.2004.1315337
https://doi.org/10.1109/TED.16
https://doi.org/10.1109/TED.16
https://doi.org/10.1109/RELPHY.2008.4558867
https://doi.org/10.1109/RELPHY.2008.4558867
https://doi.org/10.1109/TED.2017.2742860
https://doi.org/10.1109/TED.2017.2742860
https://doi.org/10.7666/d.D01067944
https://doi.org/10.7666/d.D01067944
https://doi.org/10.7666/d.D01067944
https://doi.org/10.1016/j.microrel.2017.06.006
https://doi.org/10.1109/TDMR.2009.2028578
https://doi.org/10.1109/TDMR.2009.2028578

	1. Introduction
	2. Device and experiment
	3. Results and discussion 
	3.1. Degradation characteristics
	3.2. Discussion on NBTI parameters 
	3.2.1. Power-law time exponent
	3.2.2. Temperature-activation energy
	3.2.3. Field acceleration factor

	3.3. Recovery characteristics

	4. Conclusions
	References

