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PAPER

Temperature-Aware NBTI Modeling Techniques in Digital Circuits∗

Hong LUO†a), Nonmember, Yu WANG†b), Member, Rong LUO†, Nonmember, Huazhong YANG†, Member,
and Yuan XIE††, Nonmember

SUMMARY Negative bias temperature instability (NBTI) has become
a critical reliability phenomena in advanced CMOS technology. In this
paper, we propose an analytical temperature-aware dynamic NBTI model,
which can be used in two circuit operation cases: executing tasks with
different temperatures, and switching between active and standby mode. A
PMOS Vth degradation model and a digital circuits’ temporal performance
degradation estimation method are developed based on our NBTI model.
The simulation results show that: 1) the execution of a low temperature
task can decrease ΔVth due to NBTI by 24.5%; 2) switching to standby
mode can decrease ΔVth by 52.3%; 3) for ISCAS85 benchmark circuits,
the delay degradation can decrease significantly if the circuit execute low
temperature task or switch to standby mode; 4) we have also observed the
execution time’s ratio of different tasks and the ratio of active to standby
time both have a considerable impact on NBTI effect.
key words: negative bias temperature instability (NBTI), temperature, re-
liability

1. Introduction

As semiconductor manufacturing migrates to more ad-
vanced technology nodes, accelerated aging effect for
nanoscale devices poses as a key challenge for designers to
find countermeasures that effectively mitigate the degrada-
tion and prolong system’s lifetime. Negative bias tempera-
ture instability (NBTI) is emerging as one of the major reli-
ability concerns [1]. NBTI significantly shifts the threshold
voltage Vth on the order of 20–50 mV for devices operating
at 1.2V or below [2]. Previous research showed that Vth
shifts due to NBTI is expressed as a power-law time depen-
dence [1], [3], and this aging-induced parameter variation
has a negative impact on circuit performance. At the 65nm
technology node, after the aging time of 106s arising from
NBTI, the variability of circuit delay can reach up to 15%
[4].

NBTI phenomena occur when the PMOS transistor is
negative biased. Under the negative bias, the Si-H bonds
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(which are formed during the manufacture procedure) cap-
ture the holes tunneling from the inversion layer, which
causes the dissociation of the Si-H bonds and yields inter-
face traps. As a result of the interface traps, the thresh-
old voltage of PMOS transistor is shifted, carrier mobility
and drain current are reduced [5], and then the performance
degradation occurs [6]–[8]. The NBTI phenomena can be
classified as static NBTI and dynamic NBTI. Static NBTI
is under the DC stress condition, and the detailed physical
mechanism was described in [9]. The impact of electric and
environment parameters (such as electric field across the ox-
ide and temperature) on the interface trap generation was
studied in [10], [11]. Dynamic NBTI under AC stress con-
dition leads to a less severe parameter’s shift over long time
because of the recovery phenomenon [6], [11]–[13].

Prior works in analyzing and mitigating performance
degradation due to NBTI can be classified into two cate-
gories:

• NBTI modeling and analysis. Many analytical mod-
els for circuit performance degradation due to NBTI have
been proposed recently [7], [8], [14]. The impact of NBTI
on the worst case performance degradation of digital cir-
cuits was analyzed in [15]. An analytical model for multi-
cycle dynamic NBTI was proposed in [16], where a recur-
sion process was used to evaluate the NBTI effect. A pre-
dictive NBTI model is proposed in [17], [18], the effect of
various process and design parameters were described.
• Circuit optimization to mitigate NBTI effects. The

circuit delay optimization and reliability improvement
based on the previous analytical circuit degradation mod-
els were also studied. In [19], a gate-sizing optimization
technique was used to guarantee the delay of the circuit.
An NBTI-aware design for SRAM read stability was pro-
posed in [8]. Various circuit design techniques, such as
Vdd/Vt tuning, were investigated [17]. A technology map-
ping technique that incorporates the NBTI effects was
presented in [20] based on the model in [16].

Analytical NBTI models were useful in circuit analysis
and optimization for NBTI effects. In previous analytical
NBTI models [16]–[18], the circuit temperature was con-
sidered to be constant (about 400K) during the circuit op-
eration. However, the temperature of the circuit is variable
during the circuit operation, and an analytical model con-
sidering arbitrary temperature variation for static NBTI was
proposed in [21], but the relaxation phase of NBTI effect
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was ignored in the derivation, and this model lead to com-
plex transformation in the calculation. Therefore, we con-
sider two simpler but practical cases in our paper (based on
our previous simple NBTI modeling work [22], [23]): a) the
circuit operates all the time, but executes different tasks with
different load, then the temperature varies between the tasks;
b) the circuit operates in two modes: active and standby
mode, thus the circuit temperature varies periodically be-
tween a high temperature and a low temperature. In both
cases, the relaxation phase are included in our derivation,
and we propose an analytical threshold voltage degradation
model for dynamic NBTI effect considering the temperature
variation on account of these two cases.

Our contribution in this paper distinguishes itself in the
following aspects:

• We propose analytical models to estimate PMOS NBTI
effect under AC stress condition considering both con-
stant temperature and variable temperature. Furthermore,
our temperature-aware model can be used in two circuit
operation cases: a) the temperature varies due to tasks
with different workloads; b) the temperature changes be-
tween two operation modes: active and standby mode.
The threshold voltage degradation can be estimated in
both cases.
• Based on our novel temperature-aware NBTI model, we

study the impact of NBTI on the temporal performance
degradation in combinational circuits. In one case that
different tasks lead to diffferent temperature, the relative
execution time of these tasks will have impact on the
NBTI effect. In another case that the circuit switches be-
tween active and standby mode, the time ratio of active
to standby mode can affect the performance degradation
significantly.

The rest of the paper is organized as follows. In Sect. 2,
we first review the physical mechanism of NBTI and previ-
ous NBTI models. Then, in Sect. 3, we derive the NBTI-
induced interface trap generation model with constant tem-
perature, while in Sect. 4, this model is extended to the case
where the temperature varies between a high temperature
and a low temperature. The Vth degradation model, and
the circuit delay estimation method is proposed in Sect. 5.
The simulation results of a single PMOS transistor and the
ISCAS85 benchmark circuits are shown and analyzed in
Sect. 6. Finally, Sect. 7 concludes the paper.

2. Review of NBTI

2.1 Physical Mechanism of NBTI

It is commonly admitted that the interface traps are gen-
erated under negative gate bias due to mismatches at the
Si-SiO2 interface, in particular at elevated temperature, and
lead to degradation of device performance. During oxida-
tion of Si, some of the Si atoms bond with hydrogen, lead-
ing to the formation of weak Si-H bonds. When a PMOS
transistor is negative biased, the inversion layer holes tunnel

Fig. 1 Mechanism of NBTI.

to and are captured by the Si-H bonds at the interface, which
weakens the bond and the subsequent thermally assisted dis-
sociation of a Si-H pair yields one donor-like interface trap
(i.e., silicon dangling bond) and one H atom that can diffuse
in the oxide.

SiH+h+↔ Si+ +H (1)

The dimerization reaction involves the reaction of H
atoms to create molecular hydrogen, which is described by
Eq. (2).

H+H↔ H2 (2)

Then, molecular hydrogen can also diffuse in the oxide.
Therefore, the diffusing species can be both atomic hydro-
gen and molecular hydrogen, as shown in Fig. 1.

Recent researches have shown that molecular hydrogen
are the dominant diffusing species [24]. So in this paper, the
diffusing species are assumed to be molecular hydrogen H2.
Combining Eq. (1) and (2), the final reaction can be [25]

SiH+h+↔ Si+ +
1
2

H2 (3)

Therefore, the rate equation for the quantity of Si+ is

d[Si+]
dt

= k0
f [SiH][h+]− kr[Si+][H2]

1
2 (4)

where k0
f and kr are forward and reverse reaction rate con-

stants in Eq. (3).
Then, we denote the quantity of Si+ as Nit, the initial

quantity of Si-H bonds as N0 and the quantity of H2 mole-
cules as Ni,H2 . Because the quantity of holes is only depen-
dent on Vgs −Vth ([h+] = Cox(Vgs −Vth)), we combine the
forward reaction rate constant k0

f and [h+] as one parameter
kf, which is dissociation rate of Si-H bonds. So Eq. (4) can
be rewritten as Eq. (5),

dNit

dt
= kf(N0−Nit)− krNitN

1
2
i,H2

(5)

The hydrogen molecules H2 can diffuse into the oxide,
which satisfies the following

∂NH2

∂t
= D
∂2NH2

∂x2
(6)

dNit

dt
= −2 ·D∂NH2

∂x

∣∣∣∣∣
x=0

(7)

The above three equations Eq. (5) to (7) describe the in-
terface trap generation, which is named as reaction-diffusion
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(R-D) model. The generated interface traps can both enlarge
the threshold voltage and reduce the mobility. The mobility
degradation due to Coulomb scattering can be effected as a
shift in the threshold voltage [26]. Therefore, the shift in the
threshold voltage ΔVth of the PMOS transistor is propor-
tional to the interface trap generation due to NBTI, which
can be expressed [19] as

ΔVth = (1+mμ)
qNit(t)

Cox
(8)

where mμ represents equivalent Vth shifts due to mobility
degradation described in [27]; q is the electronic charge; Cox
is the gate oxide capacitance; and Nit(t) is the interface trap
generation, which is the most important factor in evaluating
performance degradation due to NBTI.

Interface traps are electrically active physical defects
with their energy distributed between the valence and the
conduction band in the band diagram. The interface traps
shift the threshold voltage of MOSFETs, diminish carrier
mobility, and add parasitic capacitances. All these effects
reduce the drain current of the devices and thus the temporal
performance. An increase of the interface traps not only
leads to reduced temporal performance but also may cause
reliability issues and potential device failure [5], [6], [8].

2.2 Previous Analytical Models

Kumar et al. proposed an analytical NBTI model [16] to
handle multi-cycle AC stress condition; and assume the
PMOS transistor is under AC stress with duty cycle of c and
period of τ, the interface trap generation after n+1 cycles of
AC stress can be evaluated by a recursion formula below,

Nit[(n+1)τ] =
βNit(nτ)

1+β
+

N0
it

1+β

⎡⎢⎢⎢⎢⎢⎢⎣c+
⎛⎜⎜⎜⎜⎜⎝Nit(nτ)

N0
it

⎞⎟⎟⎟⎟⎟⎠
6⎤⎥⎥⎥⎥⎥⎥⎦

1/6

(9)

and the initial condition is

Nit(τ) =
c1/6

1+β
N0

it (10)

where N0
it = Aτ1/6, and β =

√
1−c

2 .
Predictive NBTI models are proposed in [17] and [18],

the effect of various process and design parameters were de-
scribed. The diffusing species were assumed to be hydrogen
atoms in [17], and the default diffusing species in [18] were
assumed to be hydrogen molecules. The threshold voltage
degradation ΔVth can be calculated as [18]

ΔVth =

(
qTox

εox

)
3

√
K2Cox(Vgs −Vth)exp

(
2Eox

E0

)
· (Ct)

1
6

(11)

3. NBTI Model without Temperature Variation

In this section, an analytical dynamic NBTI model is derived

Fig. 2 Diffusion profile for hydrogen molecules.

based on the R-D model Eq. (5) to (7). This model will be
extended to a temperature-aware model in the next section.
As a basic assumption, the diffusing species are assumed to
be molecular hydrogen.

3.1 Approximation for Diffusion Profile

The concentration of hydrogen molecules is highest at the
interface, where Si-H bonds are broken and interface traps
are generated, and gradually decreases as these molecules
diffuse into the oxide illustrated in Fig. 2(a). The diffusion
profile is described by the diffusion Eq. (6), and can be ap-
proximated as a triangle shown in Fig. 2(b), where the con-
centration is Ni,H2(t) at the interface and is zero at a point
Ld known as diffusion front or diffusion length. Because one
hydrogen molecule corresponds to two interface traps, the
interface traps can be expressed as

Nit(t) =
1
2
·2Ni,H2 (t) ·Ld(t) = Ni,H2(t) ·Ld(t) (12)

3.2 First Stress Phase

The initial density of Si-H bonds is much larger than the
number of interface traps generated due to NBTI, so that
in the right side of reaction Eq. (5), N0−Nit ≈ N0. And the
reaction process will not deviate far from equilibrium, which
is defined as quasi-equilibrium, so that dNit

dt ≈ 0. Therefore,
Eq. (5) can be derived as

kfN0

kr
= Nit(t)

√
Ni,H2(t) (13)

Because of the triangle approximation of diffusion pro-

file, − ∂NH2 (x,t)
∂x

∣∣∣∣∣
x=0

can be approximated as Ni,H2 (t)/Ld(t), so

substituting it into Eq. (7) and with Eq. (12), we obtain that

dNi,H2 (t)

dt
Ld(t)+Ni,H2(t)

dLd(t)
dt

= 2 ·DH2

Ni,H2 (t)

Ld(t)
(14)

From diffusion equation (6), we can derive that

dNi,H2 (t)

dt
=
∂NH2 (0, t)

∂t
= DH2(T )

∂2NH2(x, t)

∂x2

∣∣∣∣∣
x=0

(15)

Because of the triangle approximation, the right side of the

above equation
∂2NH2 (x,t)

∂x2

∣∣∣∣∣
x=0
≈ 0, then

dNi,H2
(t)

dt ≈ 0, so that

Eq. (14) can be simplified as
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Ni,H2 (t)
dLd(t)

dt
= 2 ·DH2

Ni,H2 (t)

Ld(t)

Ld(t)dLd(t) = 2 ·DH2dt (16)

Integrating the terms of two sides in above equation for time
t, we obtain that

L2
d

∣∣∣∣∣t
t0
= 4 ·DH2 (t− t0) (17)

For the first stress phase, t0 = 0, so Ld(t) =
√

4DH2 t. There-
fore, the diffusion length of the triangle approximated pro-
file follows the relation of

√
pDH2 t, and in fact, according

to the results from [25], p = 9.61 is a more accurate value.
Otherwise, from Eq. (12) and quasi-equilibrium Eq. (13),

we get that(
kfN0

kr

)2
= [Nit(t)]

2 · Nit(t)
Ld(t)

(18)

so the generated interface traps can be approximated as

Nit(t) =

(
kfN0

kr

) 2
3

· [Ld(t)]
1
3 =

(
kfN0

kr

) 2
3

· (pDt)
1
6

(19)

3.3 First Relaxation Phase

We assume that PMOS transistor is being stressed for t0, af-
ter the voltage is removed, the transistor will be in relaxation
phase. In the relaxation phase, the generated hydrogen mol-
ecules recombine with the interface traps, and become Si-H
bonds. This procedure is described by reverse direction of
Eq. (3). The transistor has been in relaxation phase for Δt,
the number of annealed traps is denoted as N∗it(Δt) [10], then
at time t0+Δt, the generated interface trap can be described
by

Nit(t0 +Δt) = Nit(t0)−N∗it(Δt) (20)

In the relaxation phase, because no new traps and hy-
drogen molecules are generated, the diffusion is two-sided:
on one side, the hydrogen molecules diffuse into gate con-
tinuously, on the other side, they diffuse back into interface
and recombine with the traps. Assuming that no trap ex-
ist at the interface, the hydrogen molecules will diffuse into
the silicon as illustrated in Fig. 3(a). The number of the an-
nealed interface traps due to backward diffusion is shown as
the left triangle area, and can be described as [10]

N∗it(Δt) = Ni,H2(t0+Δt)
√
ξ · pDH2Δt (21)

where ξ is the two-sided diffusion factor, and theoretically
ξ = 0.5.

In fact, the concentration of hydrogen molecules is al-
most zero at the interface. We can still use quasi-equilibrium
condition to derive this conclusion. When the transistor is in
relaxation, kf in the reaction Eq. (5) is zero, and dNit

dt ≈ 0, so

Fig. 3 Diffusion profile in relaxation phase.

we have

0 ≈ −krNit(t0 +Δt)
√

Ni,H2 (t0+Δt) (22)

The interface traps Nit(t0 + Δt) is much larger than zero,
so Ni,H2 ≈ 0. Therefore, the diffusion profile is shown in
Fig. 3(b), and the maximum concentration of hydrogen mol-
ecules is at the position x = δ, which is very close to the
interface. Since δ is very small (δ ≈ 0), the concentration
of hydrogen molecules Ni,H2 (t0 +Δt) in Fig. 3(a) can be al-
most the same as NδH2

(t0 +Δt). Therefore, we can still use
the triangle approximation approach in Section 3.1, the total
number of interface traps is given by

Nit(t0 +Δt) = Ni,H2 (t0+Δt)
√

pDH2(t0+Δt) (23)

From (21) and (23), we have

N∗it(Δt) = Nit(t0+Δt)

√
ξΔt

t0+Δt
(24)

Substituting for N∗it(Δt) in Eq. (20), we have

Nit(t0 +Δt) = Nit(t0)−Nit(t0+Δt)

√
ξΔt

t0+Δt
(25)

and re-arranging some terms, we get the interface traps after
this relaxation phase as the follow

Nit(t0 +Δt) =
Nit(t0)

1+
√
ξΔt

t0+Δt

(26)

3.4 Subsequent Stress/Relaxation Phases

In this section, we use mathematical induction to derive the
density of interface traps. We assume that the transistor is
stressed by a periodic voltage waveform with the period τ,
and the duty cycle of stress phase is c. The interface traps
generated after the m stress phases are denoted as Nits,m,
and Nitr,m represents the number of traps after m relaxation
phases.

After some stress and relaxation phases, the number of
the generated interface traps becomes a new boundary con-
dition as illustrated in Fig. 4(a). The relaxation phases re-
duce the interface traps, so if there are only stress phases, the
same interface traps can be generated the effective diffusion
profile in Fig. 4(b). Therefore, by this equivalent method,
we can derive the generated interface traps in any stress
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Fig. 4 Equivalent method for diffusion profile.

phase.
In order to evaluate the interface traps after the m+ 1

stress phase, we substitute Ld,eff for Ld, and Eq. (17) be-
comes

L2
d,eff

∣∣∣∣∣mτ+cτ

mτ
= p ·DH2(cτ) (27)

We should notice that Ld,eff(mτ + cτ) corresponds to
the interface traps after m+ 1 stress phases Nits,m+1, while
Ld,eff(mτ) corresponds to Nitr,m. From Eq. (18) and (27), we
get that

(Nits,m+1)6− (Nitr,m)6(
kfN0

kr

)4 = p ·DH2 (cτ) (28)

so that we can derive the number of interface trap generated
after m+1 stress phases from the number after m relaxation
phases,

Nits,m+1 =

⎡⎢⎢⎢⎢⎢⎣(Nitr,m)6+

(
kfN0

kr

)4
· pDH2(cτ)

⎤⎥⎥⎥⎥⎥⎦
1
6

(29)

We use the same derivation as in Section 3.3 to get the
interface traps generated after m relaxation phases

Nitr,m =
Nits,m

1+
√
ξ(1−c)τ

mτ

(30)

From the above two equations, we get

Nits,m+1 =
[
α6

m · (Nits,m)6 +K(cτ)
] 1

6 (31)

where

αm =
1

1+
√
ξ(1−c)τ

mτ

, K =

(
kfN0

kr

)4
· pDH2

By mathematical induction, we have the number of in-
terface traps after m+1 stress phases,

Nits,m+1 = [K(cτ)]
1
6 (1+α6

m +α
6
mα

6
m−1+ · · ·

+α6
mα

6
m−1 · · ·α6

2α
6
1)

1
6

= [K(cτ)]
1
6

⎡⎢⎢⎢⎢⎢⎢⎢⎣1+
m∑

i=1

⎛⎜⎜⎜⎜⎜⎜⎜⎝
m∏

j=m−i+1

α6
j

⎞⎟⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎥⎦

1
6

(32)

We should notice that α1 < α2 < · · · < αm < 1 and lim
m→∞αm =

1, so that we can eliminate the style of the series sum and
get a bound of the interface traps’ number,

Nits,m+1 ≤ [K(cτ)]
1
6 (1+α6

m + (α6
m)2+ · · ·+ (α6

m)m)
1
6

≤ [K(cτ)]
1
6

(
1

1−α6
m

) 1
6

=

[
K(cτ)

1−α6
m

] 1
6

(33)

When m is large enough,
√
ξ(1−c)τ

mτ 	 1, then

1−α6
m ≈ 1−

⎛⎜⎜⎜⎜⎜⎝1−
√
ξ(1− c)τ

mτ

⎞⎟⎟⎟⎟⎟⎠
6

≈ 6

√
ξ(1− c)τ

mτ

(34)

so the number of interface traps after m+1 stress cycles

Nits,m+1 ≈
⎡⎢⎢⎢⎢⎢⎣
√

mτ ·K(cτ)

6
√
ξ(1− c)τ

⎤⎥⎥⎥⎥⎥⎦
1
6

(35)

If the discrete variable m is transformed to the continu-
ous variable t, the above equation becomes

Nit(t) =

⎡⎢⎢⎢⎢⎢⎣ Kcτ
√

t

6
√
ξ(1− c)τ

⎤⎥⎥⎥⎥⎥⎦
1
6

(36)

From the predictive model Eq. (11) proposed in [18],
the threshold voltage degradation ΔVth can be calculated as

ΔVth = KV

⎡⎢⎢⎢⎢⎢⎣ cτ
√

t

6
√
ξ(1− c)τ

⎤⎥⎥⎥⎥⎥⎦
1
6

(37)

where

KV =

(
qTox

εox

)
3

√
K2Cox(Vgs −Vth)

√
C exp

(
2Eox

E0

)
(38)

All these parameters are defined in [18].

4. NBTI Model with Temperature Variation

In previous section, an dynamic model was derived under
the assumption that the temperature remains constant. In
fact, the circuit are not operated in a constant temperature.
In this section, the NBTI model with temperature variation
will be derived. We use a similar approach as in the above
section to derive our model. First, we simplify the temper-
ature varies as a periodical waveform, and the waveform of
the temperature is described. Second, the recursive equa-
tions in stress and relaxation phases are derived. Finally, we
can eliminate the recursion and get a closed-form equation.

We should notice that all the coefficients in Eq. (5) to
(7) are depend on temperature.

DH2(T ) = D0 exp

(
− Ed

kBT

)
, (39)
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kf(T ) = kf0 exp

(
− Ef

kBT
4

)
, (40)

kr(T ) = kr0 exp

(
− Er

kBT

)
(41)

The reaction process can be approximated to be in
quasi-equilibrium, because the diffusion is considered to be
a much slower process than reaction. Then dNit(t)/dt ≈ 0 in
(5), so that (5) is simplified to

Nit(t)
√

NH2(0, t)

N0−Nit(t)
=

kf(T )
kr(T )

≈ kfr (42)

Because Ef −Er ≈ 0 [25], kf(T )/kr(T ) can be considered in-
dependent of temperature, so the right-hand side of Eq. (42)
kfr is kf0/kr0. Then the interface trap generation is consid-
ered to be only affected by temperature through the diffusion
coefficient DH2.

If no relaxation is considered, NBTI-induced PMOS
degradation under arbitrary dynamic temperature variation
can be derived [21]. The interface trap generation under dy-
namic temperature variation Nit[t,T (t)] can be converted to
the equivalent NBTI effect under constant temperature Tref
[21]

Nit[t,T (t)] = Nit[τ(t),T = Tref] (43)

where the transformation from time t into equivalent time
τ is described in [21] and it is very complex for arbitrary
temperature variation. Therefore, we will propose a much
simpler but practical enough model in this paper.

4.1 Waveform of Temperature

The digital circuits often switch between active and standby
modes, so that the temperature changes relevantly between
a high temperature and a low temperature. Before our anal-
ysis, we assume that the device operates at a constant tem-
perature TH in active mode and at another temperature TL in
standby mode as shown in Fig. 5. For convenience, the tem-
perature is considered to change periodically with the period
τT . In a single period, the duration of high and low temper-
ature is th and tf respectively, and the rise and fall time is tr
and tf.

The stress voltage on the device changes much faster
than the temperature, i.e. τT � τ, so we can further assume
that the temperature remain constant in a couple of stress
and relaxation phases, as illustrated in Fig. 5. This assump-
tion is also reasonable for transition phase if the temperature
is simplify to be a step function.

4.2 Stress Phases

Firstly, we consider the impact of temperature variation
in stress phases. According to the assumption in the
above section, the temperature remains constant in a whole
stress/relaxation cycle. So the recursive formula (29) can be
still used

Fig. 5 Waveform of the temperature.

Nits,m+1 =

⎡⎢⎢⎢⎢⎢⎣(Nitr,m)6+

(
kfN0

kr

)4
· pDH2,m+1(cτ)

⎤⎥⎥⎥⎥⎥⎦
1
6

(44)

where DH2,m+1 is the diffusion coefficient in the m+1 cycle,
and as the notation in the above, kf/kr is independent on the
temperature.

4.3 Relaxation Phases

Here, we will derive the recursive equation in the relaxation
phase. The reaction process is in quasi-equilibrium, so that

−kr[T (t)]Nit
√

Ni,H2 ≈ 0 (45)

Though the coefficient kr[T (t)] is time variant, the gener-
ation of interface traps is not relative with this coefficient.
Therefore, we can still use the same approach in Sect. 3.3 to
get the number of interface traps after m relaxation phases,

Nitr,m = Nits,m

/
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1+

√√√√√√√√ξDH2,m(1− c)τ
m∑

i=1

(DH2,m ·τ)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(46)

We should notice this formula has a similar form with
Eq. (30), but all the time-variant coefficient DH2 can not be
eliminated.

In our assumption, the temperature varies periodically
as shown in Fig. 5, then DH2[T (t)] has a same style of wave-
form. Therefore, when m is large enough, there is

m∑
i=1

(DH2,m ·τ) ≈
mτ
τT

∫
τT

DH2dt = D̃H2 · (mτ) (47)

4.4 Full Model

Combining the formulas in Sect. 4.2 and 4.3, we can get
complete recursive formula for Nit

Nits,m+1 =
[
α6

m · (Nits,m)6+K′DH2,m+1 · (cτ)
] 1

6 (48)

where

αm = 1

/⎛⎜⎜⎜⎜⎜⎜⎝1+
√
ξDH2,m · (1− c)τ

D̃H2 · (mτ)

⎞⎟⎟⎟⎟⎟⎟⎠ , K′ = p

(
kfN0

kr

)4
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Hence, the close form expression of the generated in-
terface traps after m+1 stress phases can be derived as

Nits,m+1 = [K′(cτ)]
1
6
(
Dm+1+α

6
mDm+α

6
mα

6
m−1Dm−1+ · · ·

+α6
mα

6
m−1 · · ·α6

2α
6
1D1
) 1

6

= [K′(cτ)]
1
6

⎡⎢⎢⎢⎢⎢⎢⎢⎣Dm+1+

m∑
i=1

⎛⎜⎜⎜⎜⎜⎜⎜⎝Dm−i+1 ·
m∏

j=m−i+1

α6
j

⎞⎟⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎥⎦

1
6

≤ [K′(cτ)]
1
6

⎡⎢⎢⎢⎢⎢⎢⎣
m∑

i=0

(
Dm−i+1 · (α6

m)i
)⎤⎥⎥⎥⎥⎥⎥⎦

1
6

(49)

Here all the subscripts H2 of the diffusion coefficients are
omitted for brevity.

Because the variation of the temperature is much
slower than the variation of the stress voltage applied on
the gate of the transistor, in order to simplify the com-
putation, we assume that τT = nτ, while n � 1, and th =
nhτ, tl = nlτ, tr = nrτ and tf = nfτ, obviously, there is n =
nh + nl + nr + nf. If we consider the number of the inter-
face trap generation after a long time, i.e. m� 1, we can
further assume that m+ 1 = qn and the temperature starts
at the high temperature. According to these assumptions
above and the waveform of the temperature as shown in
Fig. 5, there is Dm+qn = Dm, Dp+qn = Dh (1 ≤ p ≤ nh), and
Dp+qn = Dl (nh+nr+1 ≤ p ≤ nh+nr+nl). Therefore, we can
combine some terms in Eq. (49) and get the interface traps

Nit,qn = (K′cτ)
1
6 ·
[
(α6

m)(q−1)nβh+ (α6
m)(q−1)nβr+ · · ·

+ (α6
m)nβh + (α6

m)nβr + · · ·+βl+βf

] 1
6

= (K′cτ)
1
6 ·
⎡⎢⎢⎢⎢⎢⎣1−α6qn

m

1−α6n
m

(βh +βr+βl+βf)

⎤⎥⎥⎥⎥⎥⎦
1
6

≤ (K′cτ)
1
6 ·
[

1

1−α6n
m

(βh+βr+βl +βf)

] 1
6

(50)

where

βh =
[
(α6

m)n−1 + · · ·+ (α6
m)n−nh

]
Dh (51)

βl =
[
(α6

m)n−nh−nr−1+ · · ·+ (α6
m)n−nh−nr−nl

]
Dl (52)

βr = (α6
m)n−nh−1Dnh+1+ · · ·+ (α6

m)n−nh−nr Dnh+nr

(53)

βf = (α6
m)n−nh−nr−nl−1Dnh+nr+nl+1+ · · ·+ (α6

m)0Dn

(54)

Because m� 1, the difference between DH2,m and D̃H2 can
be ignored. From Eq. (48), we define αqn as α,

α ≈ αm = 1
/⎛⎜⎜⎜⎜⎜⎜⎝1+

√
ξ · (1− c)τ

qnτ

⎞⎟⎟⎟⎟⎟⎟⎠ (55)

Firstly, we consider that the temperature changes
rapidly between the high and low temperature, which can

significantly simplify the solution. In this case, βr and βf are
both zero. Notice that n = nh+nl, then

βh = α
6nl

1−α6nh

1−α6
Dh (56)

βl =
1−α6nl

1−α6
Dl (57)

and using Taylor approximation αk ≈ 1 − k
√
ξ · (1−c)τ

qnτ , we
have

βh+βl =
6nhDh+6nlDl

1−α6

√
ξ · (1− c)τ

qnτ
(58)

Hence

Nit,qn = (K′cτ)
1
6 ·
[
nhDh+nlDl

(1−α6)n

] 1
6

(59)

Secondly, the temperature transition between the high
and low temperature is often slow, so βr and βf can not be ig-
nored. If the average value of the diffusion coefficient in the
transition phase is used, using a similar technique as above,
we have

Nit,qn = (K′cτ)
1
6 ·
[
nhDh+nlDl +nrDr+nfDf

(1−α6)n

] 1
6

(60)

Compared the above equation with Eq. (33), the inter-
face trap generation due to NBTI with temperature variation
can be estimated by the same equation as the constant tem-
perature case, if the diffusion coefficient is replaced by an
effective one

Deff =
thDh+ tlDl+ trDr + tfDf

τT
(61)

According to Eq. (39), we can use the diffusion coeffi-
cient under a reference temperature, such as Dh, to denote
Deff. First of all, because the variation between high and
low temperature is linear, we can use three point trapezium
approximation to compute Df and Dr

Df = Dr ≈ Dh+Dl

4
+

D
(Th+Tl

2

)
2

(62)

We can get the effective diffusion coefficient if Dh is
taken as a reference,

Deff =

thDh+ tl ·μlDh+ (tf + tr)
(Dh+μlDh

4
+
μmDh

2

)
τT

=

th+μltl+ (tf + tr)

(
1+μl

4
+
μm

2

)
τT

Dh (63)

From Eq. (39), we can derive the ratios μl and μm in
Eq. (63)

μl =
Dl

Dh
= exp

[
−Ed

kB

(
1

TL
− 1

TH

)]
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μm =

D
(Th+Tl

2

)
Dh

= exp

[
−Ed

kB

(
2

TH+TL
− 1

TH

)]
(64)

The above derivation shows that we can still use the
same dynamic model to estimate the number of the gener-
ated interface traps due to NBTI effect with variable temper-
ature, if the diffusion coefficient of a constant temperature is
transformed to the effective diffusion coefficient by Eq. (63).
In fact, the above derivation can be extended to the multiple
temperature case, and the effective coefficient can be calcu-
lated.

5. Vth and Circuit Delay Degradation Model

Previous section describes the analytical model of interface
trap generation due to NBTI considering the temperature
variation. In order to evaluate the temporal performance
degradation due to NBTI, the threshold voltage degradation
model and circuit delay model are described in the following
sections.

5.1 PMOS Vth Degradation Model

In this section, we will derive the threshold voltage degra-
dation model due to NBTI. Two circuit operation cases are
considered.

(1) Case A

The circuit runs all the time, but execute different tasks. The
tasks have different work load, so the temperature corre-
sponding different executing task is different. We assume
that there are two tasks, TASKH and TASKL. When the
circuit execute TASKH, the temperature is TH, and TASKL
corresponds to TL. If the circuit switch between the two
tasks, the temperature will change as the waveform in Fig. 5.
Therefore, the threshold voltage degradation is that

ΔVth = ΔVth,H

(
Deff

DH

) 1
6

(65)

whereΔVth,H is the Vth degradation at a constant temperature
TH, and the ratio Deff/DH can be calculated by Eq. (63).

(2) Case B

The circuit has two modes, active and standby modes. In
active mode, the circuit runs as normal and the temperature
will be high; while in standby mode, the circuit stops, and
remains in low power mode, so the circuit is considered to be
in room temperature (about 300 K). This case is describe in
Fig. 6. In active mode, the temperature is TH and the period
of the input voltage is τ with the duty cycle of c. In standby
mode, the temperature is TL, and the input voltage remains
in logic 1 or logic 0. We assume the circuit operates in active
and standby mode alternately, and in one cycle, the active
time is tA, while the standby time is tS. We also denote the
ratio of active to standby time as RAS. As shown in Fig. 6,
when the circuit changes from standby mode to active mode,

Fig. 6 Temperature variation in active and standby mode.

the temperature begins to increase from TL to TH, and the
rise time is tR. The fall time of the temperature is defined as
tF, similarly.

In order to calculate the threshold voltage degradation,
firstly, the effective diffusion coefficient should be used just
as in case A. In active mode, the input voltage is a periodic
square wave, but in standby mode, the input voltage is set
to logic 1 or logic 0 constantly. From [16], the NBTI ef-
fect by a random signal can be equivalent as a square wave
signal, if these two waves have the same signal probability.
Therefore, we should transform the overall input signal to
a square wave signal, and use an effective duty cycle c to
calculate the threshold voltage degradation.

If the input signal in standby mode remains logic 0, the
overall signal probability of logic 0 (effective duty cycle of
stress phase) is

c0 =
ctA+ tS
tA+ tS

=
cRAS +1
RAS +1

(66)

If the input signal remains logic 1 in standby mode, the ef-
fective duty cycle is

c1 =
cRAS

RAS +1
(67)

Therefore, if we know the input of the given PMOS
transistor in standby mode, the effective duty cycle c0 or c1
can be calculated. If the information is unknow, we assume
that the chance of logic 1 and logic 0 is the same, so the
effective duty cycle cM is

cM =
cRAS +0.5

RAS+1
(68)

In both case A and case B, we can estimate the thresh-
old voltage degradation due to NBTI with temperature vari-
ation.

5.2 Gate and Circuit Delay Degradation Analysis

In this paper, the delay of a gate v can be approximately
expressed as [19]

d(v) =
CLVdd

Id
=

K
(Vgs −Vth)α

K =
CLVdd

μCoxWeff/Leff
. (69)

where α is the velocity saturation index, whose value ranges
from 1 to 2, and depends on the type of logic gate.
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Depending on the circuit operation states, the shift in
the transistor threshold voltageΔVth can be derived using the
approach in the above section. Hence, the delay degradation
Δd(v) for gate v can be derived as

Δd(v) =
K

(Vgs −Vth−ΔVth)α
− K

(Vgs −Vth)α

=

[(
1− ΔVth

Vg −Vth

)−α
−1
]
d(v) .

(70)

We use Taylor series expansion on the right side of
Eq. (70), neglecting the higher order terms, giving that

Δd(v) =
αΔVth

Vgs −Vth0
×d(v) (71)

where Vth0 is the original transistor threshold voltage and
d(v) is the original delay of gate v.

6. Simulation Results

In this section, we present the simulation results in order
to validate the NBTI models. Firstly, a single PMOS tran-
sistor is used to evaluate the NBTI effect considering tem-
perature variation. Secondly, ISCAS85 circuits are used as
the benchmark. In this paper, the standard cell library is
constructed using the PTM 65 nm bulk CMOS model [28].
Vdd = 1.2V, |Vth| = 220 mV are set for all the transistors in
the circuits. Our NBTI aware Static Timing Analysis is
based on our previous STA tool [29].

6.1 Single PMOS Device NBTI Analysis

As in Sect. 5.1, we consider two circuit operation cases. The
default duty cycle of the PMOS transistor c is set to 0.5, and
the overall operation time is 10 yr (about 3×108s).

(1) Case A

The circuit works all the time, and executes two tasks,
TASKH and TASKL. We assume the circuit switches be-
tween these two tasks periodically, and in one cycle, the
executing time of TASKH is tH, while time of TASKL is
tL. The transition time of the temperature is denoted as tTR.
The temperature executing TASKH is 373 K (100◦C), and
TASKL corresponds to 323 K (50◦C). The Vth degradation
of PMOS transistor in the following five cases is shown in
Table 1.

A1) the circuit executes only one task TASKH, and tL = 0,
so the temperature keep at 373 K;

A2) tH = 1h, tL = 1h, and tTR = 0;
A3) tH = 1h, tL = 1h, and tTR = 10min;
A4) tH = 1h, tL = 1h, and tTR = 20min;
A5) tH = 1h, tL = 1h, and tTR = 30min.

Table 1 shows that the execution of the task TASKL
with low temperature compensates 10.7% of Vth degrada-
tion for the PMOS transistor. We should also notice that the
impact of the temperature transition time can be ignored.

Table 1 Vth degradation in case A1 to A5.

Case A1 A2 A3 A4 A5
ΔVth 52.6 mV 47.5 mV 47.3 mV 47.0 mV 46.7 mV

Table 2 Vth degradation with diffrent RHL and TL.

RHL 9:1 3:1 1:1 1:3 1:9
TL = 353K 52.1 mV 51.2 mV 49.7 mV 47.8 mV 46.5 mV
TL = 323K 51.7 mV 50.4 mV 47.5 mV 43.5 mV 39.7 mV

Fig. 7 ΔVth with different RHL and TL.

We denote the ratio of time tH to tL as RHL, and Vth degrada-
tion with different RHL is shown in Table 2. The simulation
is also run at another TASKL temperature TL = 353K. The
comparison is shown in Fig. 7.

Figure 7 shows that longer execution time of TASKL
decreases Vth degradation, and lower TASKL temperature
enlarges this effect. If the temperature of TASKL is 323 K,
and the ratio of these two tasks’ execution time is 1 : 9, the
threshold voltage degradation can be decreased by 24.5%.

(2) Case B

The circuit periodically switches between active and
standby mode. We still assume that the temperature tran-
sition time both from active to standby and from standby to
active is the same, which is denoted as tTR. The temperature
of active mode is TA = 373K, and temperature of standby
mode TS = 303K. The active and standby time is tA and tS
respectively. The Vth degradation of PMOS transistor in the
following five cases is shown in Table 3.

B1) the circuit is always active, thus tS = 0, so the tempera-
ture keep at 373 K;

B2) tA = 1h, tS = 1h, tTR = 0, and gate input Vg = 0;
B3) tA = 1h, tS = 1h, tTR = 30min, and Vg = 0;
B4) tA = 1h, tS = 1h, tTR = 0min, and Vg = 1;
B5) tA = 1h, tS = 1h, tTR = 30min, and Vg = 1.

Table 3 also shows that impact of temperature transi-
tion time can be ignored, and logic 1 of the gate input can
significantly decrease Vth degradation by 23.0%. We denote
the ratio of active time tA to standby time tS as RAs, and
Vth degradation with different RAS and different gate input
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Table 3 Vth degradation in case B1 to B5.

Case B1 B2 B3 B4 B5
ΔVth 52.6 mV 50.9 mV 49.5 mV 41.6 mV 40.5 mV

Fig. 8 ΔVth with different RAS and gate input.

Fig. 9 ΔVth with different RHL in Case A and RAS in Case B.

is shown in Fig 8.
From Fig. 8, we can conclude that 1) longer standby

time leads to a smaller NBTI effect on the Vth degradation;
2) logic 1 gate input significantly increase the above effect,
and the maximum decrease of ΔVth can reach up to 52.3%.

6.2 Performance Degradation Analysis in Digital Circuits

Figure 9 shows the performance degradation of ISCAS85
c432 benchmark with different RHL in Case A and RAS in
Case B. In circuit simulation, we do not set all the states
of internal node at standby mode, but use a logic simulator
to get the logic states. From Fig. 9, we can conclude that
longer time of a low temperature state (TASKL execution
time in Case A and standby mode in Case B decreases the
circuit performance degradation. Therefore, we can use this
to mitigate the NBTI effect. Table 4 shows the result of the
circuit delay degradation analysis. In Case A, RHL is set to
1:1, and in Case B, the ratio of active to standby time RAS
is set to 1 : 9. The Δdelay is around 18.0% of the original

Table 4 Delay degradation of ISCAS85 benchmark circuits under NBTI.

ISCAS85 Nominal 373 K Case A Case B
Circuits delay (ns) Δdelay (%) Δdelay Δdelay

c432 4.993 17.5 15.6 12.3
c499 1.978 17.0 15.2 12.2
c880 3.386 18.5 16.5 12.6

c1355 3.818 17.1 15.3 12.7
c1908 4.576 17.4 15.6 11.6
c2670 4.706 17.2 15.4 13.5
c3540 6.035 19.7 17.7 11.8
c5315 6.262 19.5 17.5 13.9
c6288 21.06 18.3 16.3 12.3
c7552 6.487 17.4 14.0 11.5

Average N/A 18.0 15.9 12.4

circuit delay when the circuit runs at a constant temperature
373 K. If the temperature variation is considered, the Δdelay
in Case A is around 15.9%, which decreases by 13.2% com-
pared to the constant temperature case, and the Δdelay in
Case B decreases by 45.2%.

7. Conclusion

In this paper, we propose an analytical model of temporal
performance degradation due to PMOS NBTI effect under
AC stress condition. We also demonstrate that the tempera-
ture variation due to the execution of different tasks and the
change of circuit operation mode (active and standby mode)
can have significant impact on PMOS NBTI effect: execut-
ing a low temperature task or remaining in standby mode
can mitigating the effect of NBTI. Therefore, we propose
an analytical model that considers the temperature variation,
such that a more accurate performance degradation estima-
tion can be performed. Our results of the circuit delay degra-
dation analysis show that the existence of the standby mode
can significantly decrease the delay degradation by 45.2%.
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