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Abstract | Temporal performance degradation in VLSI cir-
cuits due to Negative Bias Temperature Instability (NBTI) has
emerged as a challenging design issue in nano-scale technology.
In this paper, we analyze the impact of NBTI degradation
in circuit performance in terms of timing, and show that
under worst case scenario, one can expect more than a 10%
degradation in the maximum circuit delay after 3 years (
10° seconds) operation time. Based on this observation, we
propose an e cient transistor-level sizing algorithm based on
a modi ed Lagrangian Relaxation (LR) technique to account
for the temporal degradation of circuit and guarantee lifetime
reliability of circuit under NBTI. The technique reformulates
the sizing problem by considering the fact that only the rising
(0 ¥ 1) delays of CMOS logic gates are a ected by the
NBTI. Experimental results on several ISCAS’85 benchmarks
have shown that our proposed transistor-level sizing approach
can reduce the area overhead of conventional cell-level sizing
method by an average of 43%.

I. Introduction

For past decades, temporal reliability of MOSFET device has
been considered as one of the key design factor in the device
engineering eld. Reliability degradation in MOSFET device
can be due to several physical mechanisms such as Hot Carrier
Injection (HCI), Negative Bias Temperature Instability (NBTI)
[1], [2], Time Dependent Dielectric Breakdown (TDDB) and
electromigration. Such degradations can cause performance
degradations (e.g., timing or power) or even an unrecoverable
malfunction in fabricated chips during its operation, requiring
a well established reliability-aware device design techniques.
However, as technology scaling moves towards the sub-100nm
regime, sole device-level approaches may not be su cient in
achieving required level of reliability and hence there is need
for co-e ort from the circuit-level to improve reliability.

In this work, we focus on NBTI in PMOS transistors;
one of the major dominant reliability degradation factors in
nano-scale devices. In bulk MOSFET structure, undesirable
Si dangling bonds can be generated due to crystal mismatch
at the Si-SiO; interface, resulting in a generation of charged
interfacial traps. Conventionally, to relax such mismatches,
hydrogen passivation is applied to the Si surface before the
oxidation process to transform dangling Si atoms to Si-H
bonds. However, with time, these Si-H bonds can easily break
during operation (i.e., on-state, negative gate bias for the
PMOS) especially when nitrided oxides are used. Moreover,
NBTI impact gets worse in scaled technology due to higher
operation temperature and the usage of ultra thin oxide (i.e.,
higher oxide eld). The broken bond generates interfacial traps
and increases the threshold voltage (Vrr) of the device.

In [3], it was shown that the performance degradation in
CMOS logic circuits due to NBTI degradation closely follows
the trend of V degradation in a single PMOS transistor.
Further, they proposed a simple over-sizing method based on

the Lagrangian Sizing (LR) [4] to compensate the degradation
in maximum circuit delay and guarantee a lifetime functionality
of the design. The method calibrates a worst-case degradation
of Vrn in PMOS transistor in the initial design phase and
computes an optimal sizing ratio for each and every cell (i.e.,
logic gate). However, considering the fact that the degradation
due to NBTI only occurs in PMOS transistors, conventional
cell-based sizing method may not be optimal in terms of total
circuit area. In order to maximize the signal transfer e ciency
(i.e., speed and power), CMOS logic gates are usually designed
in such a way to balance the rising (0 ¥ 1) and falling (1 ¥ 0)
delays. If PMOS V1 increases (due to NBTI) in a CMOS logic
gate, its rising delays are a ected while its falling delays show
only negligible di erence. This means an additional timing
slack can be found in the falling delays, and proper transistor
sizing may achieve the required reliability with much smaller
area overhead.

Based on this observation, in this paper, we propose an
e cient transistor-level sizing algorithm under temporal NBTI
degradations. Unlike conventional sizing algorithm, where a sin-
gle sizing ratios is applied to each cell, we employ two di erent
cell sizes for Pull-Up-Network (PUN) and Pull-Down-Network
(PDN), respectively. The transistor-level sizing problem is then
solved using a modi ed LR algorithm. Simulation results on
several ISCAS’85 benchmark circuits show that by using our
approach, we can reduce the area penalty (to compensate 3
years NBTI degradation) by an average of 43%, while retaining
negligible changes in the design time.

The rest of the paper is organized as follows. In section 2,
we explain the physics of NBTI and model the temporal Vtn
degradation in PMOS transistors as a compact analytical form.
Also, the impact of temporal V1, degradation in circuit timing
is discussed. In section 3, our reliability-aware transistor level
sizing technique is proposed and explained in detail. Simulation
results are presented in section 4. Finally, we conclude the paper
in section 5.

Il. Temporal Performance Degradation under NBTI

In this section, we analyze the impact of NBTI on temporal
performance degradation at both device and circuit level. In the
rst part of this section, we setup an analytical expression for
the temporal V1 degradation in PMOS transistor due to NBTI
based on the Reaction-Di usion (R-D) framework proposed in
[5{[7]- Based on the transistor level degradation model, in
the later part of the section, we will show how the impact
of temporal Vr1, increase is incorporated into the circuit level
timing.

A. Temporal Vtp increase

NBTI is the result of trap generation at Si/SiO- interface
in negatively biased PMOS transistors at elevated tempera-
tures. The interaction of inversion layer holes with hydrogen-
passivated Si atoms can break the Si  H bonds, creating



TABLE |
AC degradation factor s for di erent signal probabilities S;.
s scales down the bond breaking rate kg.

Signal AC degradation
Probability (Si) || factor ( s(Si))
0.25 0.50
0.50 0.71
0.75 0.87

interface traps and H atoms, which can di use away from the
interface (through the oxide) or can anneal an existing trap. An
analytical model of interface trap generation has been modeled
using the Reaction-Di usion framework [2], [6], [7] and showed
a power dependency on time with a xed time exponent of
0.25. However, a sole H based model recently showed some
discrepancy with the experimental measurements. Rather, it
is now believed that the broken H atoms form H> molecules,
which requires a new model.

General physical mechanism of H, based NBTI degradation
is explained in [5], [7]. Generation of interfacial traps and the
reverse annealing of Si-H bond can be expressed as follows,

dNyt
dt

where Nt is the density of interfacial trap, No is the initial
Si-H bond density and N,ﬁo) is the hydrogen density at the
interface. ke and kg represent Si-H dissociation rate constant
and reverse annealing rate, respectively. Nyt can be obtained
by integrating the number of generated hydrogen molecules
(H32) inside the oxide and can be computed as,
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where t is the elapsed time, Dn, is the di usion coe cient of
Hz. Nn,(y;t) and Nﬁ,oz) are the H; density in y (vertical depth
toward the oxide) at time t and H, density at the interface
(y = 0), respectively. Density of H, and H can be connected
through the rate equation (i.e., H + H $ Hy) and can be

expressed as,
-

k
ka[H] = ke[H] ¥ [H]= (2[Ha] 3)
where ki and k> are the rate constants. Here, [H] and [H2] are
identical to the surface hydrogen density Nﬁ,o) and molecule
density NS’Z), respectively. Hence, by applying Eq. (2) to Eq.
(3), surface hydrogen density can be expressed as,
p2NIT ky 1=2
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Finally, by merging Eqgs. (1) and (4), we can solve for Nt as,

ki 13 keNo 2=
2kz kr

where we can observe that the trap generation has a power
dependency on time with a xed exponent of 1/6.

In a real circuit operation, the e ective on-time of transistors
are bounded by its input signal probability. In our work, we
de ne the Signal Probability S; at the input of gate i as a
fraction of operating cycle which contributes to the NBTI
degradation, that is, logic low in CMOS since PMOS transistors
mainly get a ected by NBTI. Depending on the S; value, bond-
breaking rate ke is being scaled down by the AC degradation
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Fig. 1. Comparison between experimental data from [8] and
our proposed model.

12

A ngi;) 11% belay incréase —vi
c [ S e ~
c | e | Ty
o v ; L
R T,
ke N
S [
> 2 1 |
O dp N e
L i 1/6 trend line
2p------ U B EERGRRERE
$ BPTM 70nm
0 .
10° 100 10° 10° {10%;
Time (S) 3 years Lifetime

Fig. 2. Temporal delay degradation for 3 years in several
ISCAS’85 benchmark circuits.

factor s. s values for various S;’s are computed using the
R-D framework [7]. Table I shows several AC degradation
factors for di erent signal probabilities. Considering this, trap
generation Nt can be now transformed into an increase in
VTh as follows,

Vi@ =m+ )TTO e s w0 ()

OoX

where m is a mobility degradation factor and K¢ is a constant
factor from Eq. (5). Fig. 1 shows a comparison between our
model and the experimental data from [8] where we can
observe a good match over a wide range as well as the power
dependency of Vrn degradation with a xed time exponent of
1/6.

B. Performance degradation

Using the temporal Vrn model proposed in the previous
section, we can now estimate the delay degradation in the
circuit. It was shown in [3] that the increase in circuit delay
also follows the same exponent of Vrn degradation. V+ model
introduced in Eq. (6) was integrated into the delay model and
Static Timing Analysis (STA) was used to compute the worst-
case maximum delay of a given circuit. All relevant parameters
in Eq. (6) are calibrated for the BPTM 70nm technology node
[9]. Fig. 2 shows the temporal delay degradations for several
ISCAS benchmark circuits. As expected, the degradation in
delay also shows a power dependency to time with a xed
exponent of 1/6. In a 3 year time period, we can observe up
to 11% increase in delay. In a design with very tight timing






