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Abstract—Negative bias temperature instability (NBTI) has
become one of the major causes for reliability degradation of
nanoscale circuits. In this letter, we propose a simple analytical
model to predict the delay degradation of a wide class of dig-
ital logic gate based on both worst case and activity dependent
threshold voltage change under NBTI. We show that by knowing
the threshold voltage degradation of a single transistor due to
NBTI, one can predict the performance degradation of a circuit
with a reasonable degree of accuracy. We find that digital circuits
are much less sensitive (approximately 9.2% performance degra-
dation in ten years for 70 nm technology) to NBTI degradation
than previously anticipated.

Index Terms—Negative bias temperature instability (NBTI),
performance degradation, threshold voltage degradation.

1. INTRODUCTION

ITH the continuous scaling of transistor dimensions, the

reliability degradation of circuits has become an impor-
tant issue. Due to an increasing electric field across the thin
oxide, the generation of interface traps under negative bias tem-
perature instability (NBTI) in pMOS transistors has become one
of the most critical reliability issues that determine the lifetime
of CMOS devices [1], [2]. Due to NBTI, the threshold voltage
(Vin) of the transistor increases with time resulting in the reduc-
tion in drive current [3], which in turn results in temporal perfor-
mance degradation of circuits. Reliability verification is there-
fore necessary in the early design phase to ensure the function-
ality of circuits for a desired period of time. A good model for
estimating the performance degradation due to NBTI, hence, is
urgently needed. While several efficient models have been pro-
posed to estimate Vi, degradation [4], [5], only a few qualitative
discussions are available in the literature on the drive current and
delay degradation due to NBTI [6]-[8].

In this letter, for the first time, we propose an analytical model
to predict the performance degradation of large digital circuits
based on V;y, degradation of a pMOS transistor due to NBTI. We
show that the degradation in V;}, and the corresponding circuit
delay have the same power-law dependency on time. We also
find that the percentage degradation in circuit performance is
much lower than that of Viy,.
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We use this model to calculate the performance degradation
of several ISCAS benchmark circuits, which represent a wide
range of digital circuits. Results show that using the proposed
model, the performance degradation of a circuit due to NBTI
can be predicted with a reasonably high degree of accuracy.

II. THEORETICAL ANALYSIS
A. Vin Degradation Model

NBTI is the result of trap generation at Si/SiO» interface in
negatively biased pMOS transistors at elevated temperatures.
The interaction of inversion layer holes with hydrogen-passi-
vated Si atoms can break the Si—H bonds, creating an inter-
face trap and one H atom that can diffuse away from the in-
terface (through the oxide) or can anneal an existing trap. The
interface trap generation is modeled successfully in the Reac-
tion—Diffusion framework [4]. In this model, interface trap den-
sity (ANyr) is expressed as
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where k¢ and k, are the bond-breaking and hydrogen annealing
rates, respectively, Np is the maximum available Si— density
and Dy is the diffusion coefficient. The bond-breaking rate de-
pends on the accumulation of holes in the inversion layer and
the tunneling of the holes into the oxide to dissociate the Si—
bonds [10]. Thus, k¢ depends on the hole density p, hole capture
cross-section o, tunneling coefficient T}, and the bond disso-
ciation coefficient /3, and can be expressed as k¢ o< BogpT,,
where p (= Cox(Vy — Vin) x Eoy) and T), (=~ e(EOX/EO)) de-
pend on the electric field (E,y) across the oxide, Ej is the field
acceleration factor, B, g, and k, are assumed to have weak
field dependence [10]. Substituting k, (1) can be simplified to

ANiT(Eox, t) = X\/mto.% ?)

where x represents the field independent terms. Furthermore,
the interface traps increase scattering resulting in mobility
degradation. The mobility degradation can be expressed as
an additional Vi, shift [8]. The effective threshold voltage
degradation can be expressed as

qANIT (on7 t)

A‘/:Lh(on-/t) = (1 + ’I’TL) C

(€)

where m accounts for for excess Vi, shift due to mobility degra-
dation.
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Fig. 1. Percentage degradation in the threshold voltage and delay with time
under NBTI stress. (a) The threshold voltage degradation is calculated using
(3) and the delay degradation is obtained using (7). (vertical dashed line: ten
years) (b) The delays of the inverter and the ring oscillator are obtained through
HSPICE simulation using BPTM 70-nm technology.

B. Gate Delay Degradation Model

The drain current of a transistor in the saturation region can
be approximately represented as

_ 12 Cox Weﬁ'

Id = /[3(‘/51 - ‘/th)a7 /[3 L
eff

“)
where « is a constant. The delay of a gate can be approximately
expressed as [7] and [8]

ERGAZE K,
T =

= 5
L (V,— V)" ©)

where C7, is the load capacitance and Vyq is the supply voltage.
Differentiating (5) with respect to V;}, we get

AT alAVy, ©)

T (Vg - Vth).

Substituting AV4y, from (3) in the form of At™ (n = 0.25), (6)
can be rewritten as
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Fig. 2. (a) Percentage degradation in the performance of ISCAS C432
benchmark circuit (1) with worst case (S; = 1) NBTI stress and (2) with
activity dependent effect. (b) PDF of V4, degradation based on activities. The
simulation was done using BPTM 70-nm technology with Vgq = 1 V.

The second term in the right-hand side of (7) is not constant
because Vi, is a function of time. However, due to the loga-
rithmic dependency, this term can be treated as constant for a
specific range of time [e.g., ten years, see Fig. 1(a)]. In this pe-
riod, log(A7 /7) will linearly change with log(¢) with the same
slope n as the V;;, degradation. Therefore, by monitoring the
threshold voltage degradation, the change in gate delay can be
easily estimated with a high degree of accuracy.

Fig. 1(b) shows the degradation of threshold voltage and the
corresponding gate (inverter) delay with time. The threshold
voltage degradation was obtained using (3). The inverter delay
was measured through HSPICE simulation using 70-nm BPTM
technology! (Vaa = 1 V) [9]. It can be observed that both the
threshold voltage and the gate delay degradation have the same
slope (0.25) as expected from (7).

It can also be observed from Fig. 1(b) that the degradation
in delay is less than the degradation in threshold voltage. This
can be understood from (6). Since V,, — V44, is greater than V;y,
[within the time range shown in Fig. 1(b)] and « is close to
one for short channel transistors, the percentage degradation in
delay will be less than that of the threshold voltage and can be
quantified as log[a/(V, — Vin)].

ITn SPICE simulation we added an appropriate battery to the pMOS gate to
replicate the effect of V4;, change.
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DELAY DEGRADATION OF ISCAS I;;S?VEI;IEAALK CIrRcuITS UNDER NBTI STRESS
No. of | Nominal | A7cx (%) (10yrs.)
Circuit Type Tr. delay (ps) | S;=1| Si<1
c432 Interrupt 590 525 8.90 7.32
controller
c499 SEC! 1816 368 9.20 8.06
¢1908 | SEC/DED? 1582 513.5 9.18 8.53
c3540 8-bit ALU 3638 597.3 9.00 7.86
c74181 | 4-bit ALU 372 194.6 9.89 8.68
c74182 Carry 92 77.2 10.35 9.63
generator
c74283 Adder 188 131.9 7.90 6.83
c74L85 | Comparator 148 115.1 9.50 7.60

(X Single Error Correction, 2Double Error Detection)

C. Circuit Delay Degradation

The performance degradation of any circuit (considering the
activities of individual transistors) can be estimated as follows.
The delay of a circuit (7t ) is the accumulation of all individual
gate delays (7,) in the critical path, which can be expressed as
Tekt = Zf;l T4,i» where IV is the number of gates in the critical
path. Using (7), the performance degradation of a circuit can be
expressed as

N n QAT ;
log <ATckt> ~log Zi:l(sq', -t) Vy—Ven
Tekt Ef\i1 Tg,i

N OzA(Si)n’Tg?i
im1 Tckt(vg - ‘/th,i)
Tgs Tckt (t = 0) (8)

=nlog(t) + log

where S; - t represents the on-time of a pMOSFET in gate i,
based on its switching activity. Note that S; is typically calcu-
lated over a period of time and shows negligible change. Hence,
the slope (n) of log( A7kt /Teks) versus log(t) will not change.?

The performance degradation of a nine-stage ring oscillator,
as expected, shows [Fig. 1(b)] the same slope as AV;y, (also ob-
served experimentally [11]). Further, the percentage degrada-
tion is half of that of a single gate because in digital circuits a
low-to-high (/-h) switching is always followed by a high-to-low
(h-I) switching. While a /-h switching is affected due to NBTI,
the h-[ switching is not affected.

III. SIMULATION RESULTS

We simulated several ISCAS benchmark circuits to estimate
their performance degradation due to NBTI. We considered

2In this letter, NBTI recovery due to ac operation is not included. However,
this can be included by modifying % in (1) by a constant factor, which makes
a linear shift in percentage Vi), degradation [4] and will not change the time
exponent.
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the following two cases: 1) AV;, of all pMOS transistors
are the same (worst case condition) and 2) AV, of all in-
dividual pMOS transistors are different depending on their
on-time (Vgs = —Vaa). The on-time is calculated based on
the switching activity of each individual gate assuming 50%
signal switching probability at primary inputs. Circuit delays
are calculated through static timing analysis [12].

The performance degradation of an ISCAS C432 circuit, as
expected, shows [Fig. 2(a)] the same time exponent as AV,
for both case 1 and 2. Furthermore, despite a wide variation in
AV;y, [Fig. 2(b)], the performance degradation is almost com-
parable to the worst case degradation [Fig. 2(a)]. Hence, esti-
mating performance degradation with a worst case assumption
will not result in a significant over estimation. Table I shows
the percentage delay degradation of several ISCAS benchmark
circuits with time under both worst case (S; = 1) and activity
dependent (S; < 1) NBTI stress. The expected average delay
degradation is about 9.2% (worst case) in ten years, approxi-
mately four times less than Vi, degradation.?

IV. CONCLUSION

In this letter, we proposed a simple analytical model to es-
timate the temporal delay degradation of digital circuits due to
NBTI. Since the performance degradation has the same time ex-
ponent as V;y,, the conventional burn-in tests will be effective
to predict the degradation due to NBTI and we do not need to
test individual transistors. Hence, this analysis will significantly
help in designing reliable digital circuits.
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