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Abstract-With integrated circnits scale into the nano-scale
era, aging effect becomes one of the most important design
challenges. Both the biased temperature instability (BTl) and
time-dependent dielectric breakdown (TDDB) can significantly
degrade the performance of the circuits. In this paper, we
consider the correlation between BTl and TDDB, and apply the
correlation model to digital circuit analysis for the first time.

The results show that the correlation can lead to 10.42% further
more delay degradation.

Index Terms-Aging, BTl, TDDB, Correlation

I.

INTRODUCTION

As technology scales down, the BTl and TDDB effects are
becoming the most important long-term reliability problems
of the gate dielectrics [1]. These two phenomena will degrade
the drain current, threshold voltage, and etc. How to overcome
these reliability obstacles is a primary concern for researchers
and designers. As we known, the negative biased temperature
instability (NBTI) effect dominates in pMOS device and
positive biased temperature instability (PBTI) dominates in
nMOS device. Currently, PBTI effect is minimal compared
to NBTI, thus we mainly focus on the correlation between
NBTI and TDDB effect in this paper.
The NBTI effect involves interface traps in the gate di
electric, shifts the threshold voltage and finally slows down
the devices and circuits [2], [3]. The dissociation of the Si
H bonds due to NBTI can shift the threshold voltage by
more than 50mV [4], and then degrades the performance of
digital circuits by 15% [5]. The NBTI phenomenon mainly
exists in pMOS devices, and is classified as two modes: static
and dynamic NBTI. Static NBTI is involved by the constant
voltage stress, and the impact of electric parameters (such as
the electric field across the oxide and temperature) on the
interface trapping was studied in [2].
Traditionally, the TDDB effect will finally break down the
device and make completely conducting in the oxide layer,
which is stated as the hard breakdown. Currently, another
breakdown mode, namely soft breakdown becomes a criti
cal concern. In the soft breakdown mode, the oxide layer's
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insulating properties will degrade aggressively [6], such as
10% degradation in the drain current, and 75mV shift in the
threshold voltage [7]. Soft breakdown means the electrical
properties of the device will degrade slowly, but the device
is still working [8].
Researchers have substantially studied these aging effects,
but the correlation between them is not studied thoroughly.
Recently, the correlation between NBTI and TDDB is re
ported [9], which showed that NBTI induced defects are
somewhat identical to the defects that dominate the breakdown
process. However, the impact of the correlation effect on the
circuit performance is not published yet. This paper shows the
contribution in the following aspects:
•

•

This paper models the correlation effect between NBTI and
TDDB. The model shows that the impact of the correlation
effect increases as the NBTI and TDDB effect become more
severe.
The model can be used for circuit analysis. The analysis
demonstrates that the correlation effect will further slow
down the circuit, and the difference can be 9.01 % of delay
degradation in average.

The rest of this paper is organized as follows. Section II
reviews related works including both NBTI and TDDB mod
els. Section III proposes our model of the correlation effect
between NBTI and TDDB. In Section IV, the correlation
model is applied to analyze the performance degradation of
the digital circuits, and the impact of the correlation effect on
the circuit delay is demonstrated. Finally, Section V concludes
the paper.
II. R E L AT ED

WORK

The physics of NBTI effect is related to the interface trap
generation in oxide layer, and can be described by the reaction
diffusion (R-D) model [10]. The shift in the threshold voltage
due to the NBTI effect is proportional to the interface trap
generation Nit [11]. Paul et al. analyze the impact of NBTI on
the worst case performance degradation of digital circuits [11].
The predictive NBTI model for various process and design
parameters was proposed in [12], [13]. Analytical models for
dynamic NBTI were proposed in [14], [15]. The temperature-
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III.

Breakdown resistance in pMOS device in the inverter

aware NBTI model and gate-level model considering the
stacking effect are proposed in [15] and [16] respectively.
The hard breakdown mode of TDDB was studied to describe
the failure characteristic in a set of devices [6], [7], [17].
Recently, researchers devoted themselves to soft breakdown
mode because of its significant implication on oxide reliability.
The principles of area, thickness, voltage scaling for soft
breakdown were investigated [18]. A model for describing
multiple soft breakdown events in ultra-thin gate dielectrics
was proposed in [19]. The impact of TDDB on the stability
of digital circuits was investigated in [20], and SRAM stability
due to TDDB was addressed in [8], [21]. An accurate analyti
cal model to predict the delay of logic gates subject to TDDB
was proposed in [22], which can be seamlessly integrated into
a static timing analysis tool. In [23], the output degradation of
TDDB effect is considered, and shows a possible boost up of
the circuit performance.
A.

The threshold voltage degradation �Vth due to NBTI can
be calculated as [13]
(1)
where

CORREL ATION AN ALY SIS BETW EEN

NBTI

AND

TDDB

As we know, the soft breakdown effect relates to the
increase of the gate tunneling leakage current 19. And this
current depends on the gate-to-source voltage Vgs, which is
given by
(3)
19
A· exp(B . Vgs)
rv

where Vgs can be increased by the trapped charge, which can
be described by the following

Qt
Vgs,trap = Vgs + K . C

-

ox

(4)

The NBTI effect is also related with trapped charge, and
the shift of threshold voltage can be calculated as

Qt
�vth =C

(5)

ox

Therefore, there is correlation between the gate current
(TDDB) and threshold voltage shift (NBTI).
A.

NBT! model

Shift in gate current as a function of threshold voltage shift

Correlation model

From the data extracted from physical experiment shown in
Fig. 2, we find that
10glO

( ��g )

(�vth) + f3

(6)

= 10)3. (�vth)' = /'i,' (�vth)'

(7)

="

10glO

Then, we can get

and these parameters are the same as defined in [13].

B. TDDB model
The "R-model" is commonly used for TDDB analysis in
circuits. In order to model the impact of soft breakdown on
digital circuits, the increasing gate leakage 19ate is modeled as a
breakdown resistance between the gate and drain/source [22],
as shown the resistor RED in Fig. 1. Based on the experiments
and published data, the resistance ranges from hundreds of
Mf.! (fresh oxide) to a few kf.! (hard breakdown) [20], [22]. In
this paper, because we only consider the correlation between
NBTI (in pMOS) and TDDB, the breakdown resistance is
connected in pMOS device of the inverter as shown in Fig. 1

�lg
9

With the 45nm experimental data as shown in Fig. 2, we
have /'i, � 4.8 and , � 1. We can calculate that the increase
of gate current can reach up to 42.8%, when threshold voltage
shifts by 100mV.
For TDDB modeling, we use the "R-model" shown in
Fig. 1, and model the correlation effect for the breakdown
resistance,

where RBD,carr/RBD are breakdown resistance with/without
correlation, respectively.

B. Delay model with correlation effect

*

In the last section, we have created the model of the
correlation effect between NBTI and TDDB. This section
proposes the delay model of these two aging effect.
The NBTI effect shifts the threshold voltage of PMOS
device, and leads to a longer charging time to the output node.
While, the TDDB effect will raise the input voltage of the logic
o [23], and thus reduce the voltage swing too.
The degradation of the voltage swing �VBD can be also
expressed as [23]
(9)

--

where Req can be taken as equivalent resistance of the pull
down network of fan-in gate.
Thus, if we do not consider the correlation between NBTI
and TDDB, the charing current (saturation current of PMOS)
can be expressed as

;

Vd at

) (10)

where �vth and �VBD are degradation due to NBTI and
TDDB, respectively.
The delay degradation can be given by
A
� tp
utp

.

�VBD + �vth
Vdd - vth - Vds at/2

� tp

.

�VBD + �vth
(11)
Vdd

where �VBD is the voltage swing degradation considering no
correlation.
From Eq. (8) and (9), the degradation of voltage swing
considering the correlation between NBTI and TDDB can be
expressed by

ReqVdd
1
/
RBD ( + K,' (�vth)')
= (1 + K,' (�vth)')�VBD

(12)

Therefore, if the correlation effect is considered, the degra
dation can be expressed as
A

_

.

�vth + �VBD + K,· (�vth)' ·�VBD
v:dd

(13)

From the above equation, we can conclude that the correlation
effect will increase the delay, because �VBD and �vth are
both positive values.
The simulation is performed to validate the correlation
model. Fig. 3 shows that the correlation between NBTI and
TDDB can increase the delay, and the correlation effect
becomes larger as vth increases. This shows the consistency
with our model described by Eq. (13).
IV.
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In circuit performance analysis, we will use the gate-level
delay model. The delay of a gate v can be expressed as [24]

d(v)
K

K

p,CoxWeftiLeff

(14)

where a is the velocity saturation index, which ranges from 1
to 2, and depends on the type of logic gate.
If the aging effects (including both NBTI and TDDB) are
considered, the delay degradation should be

�d(v) = d(v)·

a�Vage
Vgs - vth

(15)

where �Vage is the degradation of Vgs due to the aging effect.
If no correlation is considered, the degradation �Vage =
�VBD + �vth. If we consider the correlation between NBTI
and TDDB, the degradation of Vgs should be expressed as
(16)

�VBD,corr =

utp - tp

w/o correlation
with correlation

20

Req
. Vdd
�VBD =
RBD

Ids at = Vs atCoxW(Vdd - �VBD - vth - �vth -

6

DEL AY ANALY SIS FOR DIGITAL CIRCUI T S

In this section, we will consider the correlation between
NBTI and TDDB in circuit performance analysis.

where I � 1, thus we can get that

Thus, we can estimate the delay degradation considering the
correlation between NBTI and TDDB effect.
In this section, the ISCAS85 circuits are used as the bench
mark. In this paper, the standard cell library is constructed
using the PTM 45nm bulk CMOS model [25]. Vdd = O. SV,
I vth I = 200mV are set for all the transistors in the circuits.
Fig. 4 shows the impact of the correlation between NBTI
and TDDB on the performance of C1355 benchmark circuit.
The threshold voltage shifts in the logic gates are simulated by
the model proposed in [15], and the input voltage degradation
of the gate (�VBD) are set randomly ranging from 5mV
to 150mV. In Fig. 4, the delay degradation without consid
ering the correlation is treated as the reference (considered
as 0%), and the results are the normalized variation of the
delay degradation considering the correlation. In average, the
correlation between NBTI and TDDB leads to 9.36% more
delay degradation.
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