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Abstract—In this paper, we address the issue of analyzing the
effects of aging mechanisms on ICs’ soft error (SE) susceptibility.
In particular, we consider bias temperature instability (BTI),
namely negative BTI in pMOS transistors and positive BTI in
nMOS transistors that are recognized as the most critical aging
mechanisms reducing the reliability of ICs. We show that BTI
reduces significantly the critical charge of nodes of combinational
circuits during their in-field operation, thus increasing the SE
susceptibility of the whole IC. We then propose a time dependent
model for SE susceptibility evaluation, enabling the use of
adaptive SE hardening approaches, based on the ICs lifetime.

Index Terms— Aging, bias temperature instability (BTI),
critical charge, soft error (SE).

I. INTRODUCTION

HE continuous scaling of microelectronic technology
enables to keep on increasing system complexity and per-
formance. However, this growth comes together with a reduc-
tion in ICs power supply and, consequently, noise margins,
thus increasing significantly their vulnerability to radiation
induced errors [1]-[3]. In particular, it is expected that single
event transients (SETs) affecting combinational logic will soon
become a concern. The combinational logic vulnerability to
SETs will keep on increasing with the reduction of the charge
stored on circuit nodes and the decrease in noise margins.
Meanwhile, the operating frequency increase will augment the
likelihood that signals affected by SETs are sampled, thus
giving rise to soft errors (SEs) [4]. This is the case when
a SET affecting an internal node of a combinational circuit
propagates till the input of a sampling element. If this occurs
and the SET satisfies the sampling element setup and hold-time
constraints, it gets latched, thus giving rise to a SE [3]-[5].
Intensive research has been devoted to the accurate modeling
of SETs [1], [2], [6], [7], as well as to the development of
approaches to tolerate them [1], [8].
Along with the susceptibility to SETs, aggressively scaled
electronics is becoming increasingly prone to aging mecha-
nisms. In particular, bias temperature instability (BTI), caused
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by both interface-state generation and charge trapping, is
recognized as the primary parametric failure mechanism for
modern ICs [9], [10]. Negative BTI and positive BTI are
observed in pMOS and nMOS transistors, respectively. They
cause performance degradation of MOS transistors when they
are biased in strong inversion. For instance, it has been
proven that, due to NBTI, the absolute threshold voltage of
pMOS transistors can increase by more than 50 mV over
10 years, thus resulting in more than 20% circuit performance
degradation [11]. In data-paths of high performance systems,
such a performance degradation may cause the violation of
flip-flop setup and hold times, so that an incorrect value is
sampled, thus giving rise to an output SE. Therefore, in the last
few years, significant efforts have been devoted to modeling
circuit performance degradation due to BTI [12]-[14], and to
develop approaches to limit its effects [9], [11], [15], [16].

While both SET and BTI modeling have each received
significant attention, less effort has been devoted to the
analysis of their interaction. In particular, to the best of our
knowledge, so far the effects of aging on circuit SE rate
(SER) have been analyzed only in [17]-[21]. In [17] and
[18], the impact of aging on the critical charge of SRAM
cells has been considered, showing that NBTI has a limited
impact on the memory cell critical charge, thus on the memory
SER. Instead, in [19], it has been analyzed how the SER
of some combinational benchmark circuits varies with circuit
life time. However, no details have been provided on the
impact of NBTI on the critical charge (and consequently SE
susceptibility) of the different circuit nodes. Finally, in [20],
we have presented the results of some preliminary analyses
showing that NBTT impacts considerably the critical charge of
circuit nodes. This poses new challenges to SE susceptibility
modeling, mandating for a time dependent modeling, different
from the static modeling broadly considered so far.

On the basis of these considerations, in this paper, we
address the analysis of the effects of BTI on IC SE sus-
ceptibility. We will show that BTI reduces significantly the
value of the critical charge of nodes of combinational circuits
during their lifetime. As shown in [6], the critical charge
QOcrit of a node strongly depends on the value of the restoring
current of its pull-up/pull-down networks. Since BTI reduces
the conductance of the circuit driving the affected node, the
value of its critical charge is reduced as well [20]. Furthermore,
we prove that NOR gates present a relative reduction of critical
charge due to BTI higher than NAND gates. Therefore, NAND
gates are preferable over NOR gates not only for their better
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area/performance tradeoff, but also from the SE susceptibility
and BTI-induced degradation perspective.

Our analyses have been performed considering elementary
gates as NOT, NAND, and NOR gates with different fan-ins.
As highlighted in [6], the Q¢ of a circuit node depends only
on technology, as well as on the electrical characteristics of
the gate driving the node and fan-out gates. Consequently, our
performed analyses can be directly applied to any node, also
of complex circuits. In this regard, we have considered the
ITC’99 b02 benchmark circuit, composed by different gates,
with different fan-ins and fan-outs.

Finally, we propose a dynamic model to estimate the drift
of Q¢ With circuit aging, where an accurate Qi; evaluation
is mandatory to evaluate the probability to generate a SET
possibly giving rise to a SE, thus the SER of complex ICs. Our
proposed dynamic model achieves an average accuracy higher
than 95% compared with HSPICE simulations. Our model will
enable the adoption of proper adaptive solutions to counteract
the detrimental effect of BTI on circuit SER.

The rest of the paper is organized as follows. In Section II,
we give some preliminaries on BTI and SE susceptibility. In
Section III, we present the obtained results on the impact
of BTI on the Qi of nodes of combinational circuits.
In Section IV, we evaluate the impact of BTI in the SE
susceptibility of a benchmark circuit. In Section V, we propose
a time-dependent model for SE susceptibility evaluation. In
Section VI, we evaluate the accuracy of the proposed model
with respect to HSPICE simulations. Finally, in Section VII,
we give some conclusive remarks.

II. BACKGROUND
A. BTI Modeling

BTI causes significant threshold voltage shift in MOSFET,
both using hafnium-dioxide high-k dielectric material [22], and
pure silicon dioxide (SiO;) [14]. NBTI and PBTT are observed
in pMOS and nMOS transistors, respectively. They cause
performance degradation of MOS transistors when they are
in ON states (stress phase), at elevated temperatures [12]. The
BTI-induced degradation is partially recovered when the MOS
transistors are polarized in their OFF state (recovery phase).

BTI degradation originates from the creation of charges at
the Si—dielectric interface. During the stress phase, the Si—-H
bonds at the Si—dielectric interface breaks. The broken bonds
act as interface traps, while the released hydrogen, in the form
of both atoms (H) and molecules (H»), diffuse toward the gate
[12], [14]. As described in the reaction—diffusion model [12],
the interface traps concentration Nyt depends on the initial
Si-H bond density (Np), on the Si-H (forward) bond
dissociation rate constant (kf), on the Si bond annealing rate
constant (k;), as well as on the H and H; diffusion coefficient
(Du and Dy, , respectively). We can assume that the diffusion
mechanism of the H, molecules prevails over that of the
H atoms [12].

During the stress phase, the interface trap concentration Ny
varies with time (¢) as follows:
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where parameters ky and ky, represent the H to H, conversion
rate, and the Hj to H conversion rate inside the dielectric [14],
respectively.

During the recovery phase, the hydrogen diffuses back and
recombines with the Si dangling bonds, annealing them [12].
Assuming that the stress phase ends at time #y, and denoting
by Nit(fo) the concentration of the interface traps generated
during the stress phase, the trend over time of Nyt during the
following recovery phase is given by [12]

_ 1/2 . 1/2
Nrt (t) = Nrr (t0) |:1 _ (M) / (l—i—ﬂ) :|
fo o
(t > 1o) )

where ¢ =1/2 for one side diffusion.

The traps generated at the Si—dielectric interface shield the
applied gate voltage, thus resulting in a threshold voltage
increase, denoted by AVy,. The dependency of AVy, on Nyt
is given by [14]
qg(1+m)

OoX
where the coefficient y allows to distinguish between PBTI
and NBTI effects on nMOS and pMOS transistors, respec-
tively. In particular, y equals 0.5, for nMOS transistors, and
1 for pMOS transistors [14], [23], showing that PBTT is a less
severe problem than NBTT [23].

The threshold voltage shift can considerably degrade tran-
sistor performance, since it may reach 50 mV over 10 years
[11], with a consequent reduction of the overdrive voltage, thus
of the provided current. Moreover, as shown in Section IV,
it can noticeably impact the SE susceptibility of logic circuits,
since it reduces the ability of a gate to maintain the correct
voltage value on a node hit by an energetic particle.

AVq(t) = Nit(1) (3)

B. SET Modeling

As known, when an energetic particle strikes the silicon, it
travels and loses energy along a straight path. Considering an
a-particle hitting an IC die, while it loses kinetic energy, it
allows more time for its positive charge to induce electron-
hole pairs through Coulombic interaction [3]. Consequently,
the charge generation rate increases with the distance traveled
by the a-particle and reaches its maximum near the end of the
a-particle path. If an electric field is present in the region hit by
the particle, such as the depletion region of a reversed biased
p-n junction (usually referred to as critical area), the electron-
hole pairs are separated. The electrons drift to a more positive
potential area, whereas the holes drift to a more negative one,
causing a SET.

The current induced by a-particles hitting CMOS circuits
has been modeled in [24] by a double-exponential current
pulse

Q (e_t/ Ta
Tqg — T B
Q is the total amount of charge collected by the affected node
(dependent on the particle energy and trajectory), z, is the
collection time-constant of the junction, and 74 accounts for
the ion-track establishment time constant. These time constants

1(t) = — e ). (4)
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depend on several process-related factors. For simulation pur-
poses, we will hereinafter consider the values given in [25]:
7o = 1.64x 10710 s and 75 = 5x 107! .

If the collected charge reaches a critical value (denoted
by Qcrit) high enough to result in a SET with an amplitude
exceeding the fan-out gate logic threshold, an incorrect logic
value can propagates. In combinational logic, the generated
SET may propagate through the downstream logic and get cap-
tured by a sampling element, thus resulting in an SE. Instead,
in sequential elements, the generated SET may directly result
in an SEU [3].

The Qg is employed to quantify the SER of an electronic
circuit. It allows to estimate the probability that a particle
hitting a node has an energy sufficient to generate a SET.
The probability that an a-particle striking a node i gives rise
to a SET exceeding the fan-out gate logic threshold is given
by [8], [29] u

Pyen (i) = k,fe—ﬁ Qert 1) ()
where the coefficient k; accounts for the area of node i and
the a-particle flux, while o and g are fitting parameters.
From (5) it derives that the Qs plays a dominant role in
the SET generation mechanism. The estimation of the Qi
is therefore of utmost importance to evaluate the SER of a
circuit.

Rossi er al. [6] have proposed an accurate linear model
expressing the Q¢ of a circuit node as a linear function
of the transistor sizes of both the driving and fan-out gates.
The proposed model enables to derive the Q¢ value from
the nominal size of the above mentioned transistors, with no
need to perform time consuming electrical level simulations.
According to this model, Q. is given by

Ociit (Wpr, Wr0) = Omin +a (WSR - Wmin)
b (WSR—Wmin)—i-b (W0 —Wain) (6)

where WSR is the equivalent channel width of the driving
gate (modeled as an equivalent inverter), accounting for the
driving conductance; WgR is the equivalent channel width
of the driving gate, accounting for the output capacitance;
Wro is the equivalent channel width of the fan-out gates
(modeled as an equivalent inverter); Wy, is the minimum
channel width for the considered technology; Qmin is the Qcrit
when Wpr = Wro = Wmin (constant for a given technology
and power supply); a and b are fitting parameters, weighting
the contribution to Q¢ of the conductance of the driver and
the load capacitance, respectively. The model in (6), however,
does not account for aging effects on the SER during circuit
lifetime.

III. ANALYSIS OF THE BTI IMPACT ON THE
CRITICAL CHARGE

In this section, we analyze the impact of the n/pMOS
transistor threshold voltage shift (AVy,) induced by BTI on
the Qcir of combinational circuits. In particular, by means of
HSPICE simulations, we evaluate the Q. variation at the
output of NOT, NAND, and NOR gates, with a variable number
of inputs (up to four).

A. BTI-Induced Q¢ Variation

We have implemented elementary gates by a high perfor-
mance metal gate, high-k, strained-Si, and 32-nm CMOS tech-
nology (with 1 V power supply) from predictive technology
model [27]. The gates have been designed to be with minimum
area and symmetric. We have evaluated the threshold voltage
shift (AVin) of n/pMOS transistors induced by PBTI/NBTI
degradation by utilizing the model described in Section II. In
particular, we have simulated alternating stress and recovery
phases, considering a 50% switching activity of inputs, and
an operating time up to 10 years. The estimated voltage shifts
AV, for the considered operating time have been adopted to
customize the HSPICE device model employed for simulation.
For each gate, we have considered the worst case, that is the
degradation effect inducing the larger decrement of Q.

Consider a generic symmetric gate described by an equiv-
alent inverter [28]. The currents provided by the pull-up
and pull-down equivalent transistors are equal to each other.
Assuming that the transistors always work in velocity satura-
tion condition [29], at time O it is

I]gn = I]gp = Weqncox (VGSn - V"{")n) Usatn

= Wequox (VSGp - }VFIQPD Usatp (7

where Vgsn and vsam (VsGp, Usatp) are the gate-source (source-
gate) voltage difference and the velocity saturation of the
nMOS (pMOS) transistors, respectively; VTOp (V{?n) is the
threshold voltage of pMOS (nMOS) transistors at time O;
Cox is the oxide capacitance (per unit of area); and Weqn(Weqp)
is the equivalent channel width of the nMOS (pMOS)
transistors of the equivalent inverter. Denoting Kegn(p) =
Weqn(p) CoxVsam(p),» WE can write

Keqn (VGSn - V”l(“)n) = Keqp (VSGp - ‘V”{")p‘) = 13 (8)

Considering the BTI-induced degradation, at the generic
time instant time ¢, the drain current for the nMOS and pMOS
transistors are

IDn(t) = Keqn[VGSn - (V"lgn + AVTH(I))]
= Ig - KeanVTn(t)
IDp(t) = Keqp[VSGp - (|V'19p - AVTp(t)l)]

= I — KeqpAVrp(?) ©

where the values of the transistor threshold voltage variations
AVrn(py can be calculated by means of (3).

Since it is V})n = |V$p|, (8) implies that Kegn = Kegp.
Moreover, from (3) it is A Vy,(¢) = 2A Vry(t). Then, from (9),
it can be derived that it is always Ipp(t) < Ip,(t),Vt > 0.
Consequently, it is Gp(f) < Gn(t),Vt > 0, where Gu(?)
(Gp(t)) denotes the conductance of the nMOS (pMOS) tran-
sistors as a function of time.

As an example, Fig. 1 shows the simulation results obtained
when two a-particles, with the same energy, hit the same node
within a NOT chain, at two different instants during circuit life
time: 1) at the beginning of the gate operating life [Fig. 1(a)]
and 2) after 10 years of operating time [Fig. 1(b)]. We have
simulated the worst case scenario, when the hit node is driven
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Fig. 1. Simulation results for the case of an «a-particle hitting a node of a
NOT chain (a) at the beginning of circuit operation and (b) after 10 years of
circuit operation.
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Fig. 2. Simulation results showing the values of critical charge of a NOT
gate, as a function of circuit lifetime.

by a pMOS transistor. As can be seen, even if the energy of
the two hitting particles is the same, the glitch induced after
10 years of circuit operation has a higher amplitude than that
at the beginning of circuit lifetime. This means that the Qi
is considerably smaller after 10 years of circuit operation than
at the beginning of circuit lifetime.

1) Symmetric, Minimum-Sized NOT Gate: Fig. 2 shows the
values of Qir at the output of a minimum sized, symmetric
inverter, for different operating times. It depicts the case of a
hitting particle temporarily charging (discharging) the output
node, when it is driven by the pull-down (pull-up) network
affected by PBTI (NBTI) degradation. At ¢ 0 (nonaged
circuit), the Qi values are approximately the same, whether
the pull-up (solid line), or the pull down network (dashed line)
is active. This is in accordance to the symmetric design of the
NOT. As the circuit ages, the Q¢ obtained when the output
is driven by the pMOS transistor decreases with a higher rate
than when it is driven by the nMOS transistor. The difference
in AV reaches —9.3% for + = 10 years.

The value of Qi is a decreasing, monotonic function.
During the first 2-3 years of circuit operation, Qs decreases
with a much higher rate than during the remaining operating
time. After the third year, the curve tends very slowly to
its lowest value, which is reached after 10 years of circuit
operation.

2) Symmetric Minimum-Sized NOR Gate: Table I shows the
values of the Qi at the output of a NOR gate with two,
three, and four inputs, for several values of operating time,
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TABLE I
CRITICAL CHARGE (fC) FOR MINIMUM SIZED SYMMETRIC
NOR GATES WITH TWO, THREE, AND FOUR INPUTS

Operating 2 1IN 3IN 4 1IN
Time NBTI | PBTI | NBTI | PBTI | NBTI | PBTI
0 10.16 | 10.16 | 10.34 | 10.34 | 10.68 | 10.68
ly 9.01 9.62 9.18 | 9.80 9.23 9.91
Sy 847 | 932 854 | 9.52 8.58 | 9.64
10y 825 | 9.26 838 | 945 840 | 9.58
TABLE II

CRITICAL CHARGE (fC) FOR MINIMUM SIZED SYMMETRIC
NAND GATES WITH TWO, THREE, AND FOUR INPUTS

Operating 2 IN 3IN 4 1IN
Time NBTI | PBTI | NBTI | PBTI | NBTI | PBTI
0 513 | 5.13 397 | 397 3.60 | 3.60
ly 4.71 4.88 3.61 3.83 327 | 3.53
Sy 440 | 475 342 | 3.73 3.10 | 3.44
10y 434 | 473 339 | 3.71 3.06 | 342

in case of both NBTI affecting the pull-up network and PBTI
affecting the pull-down network. For this latter case, we have
considered only one nMOS transistor ON, since this represents
the worst case condition for the value of Q. when the output
is driven by the pull-down network [20]. Likewise the NOT
gate, the worst case condition is when the output is driven
by the pull-up network. In this case, the larger degradation
induced by NBTI is reinforced by the fact that the pMOS
transistors are connected in series, thus making the gate suffer
from cumulative performance degradation.

In case of no degradation (+ = 0) and symmetric gate, the
QOcrit can be equivalently computed by considering the pull-
up network, or a single nMOS transistor of the pull-down
network. In this case, it is Gpo/m = Gyo, where Gpo (Gno)
is the conductance of the pMOS (nMOS) transistors at the
beginning of circuit life time (+ = 0), while m is the number
of inputs.

As the NOR gate starts aging (¢t > 0), it is G,(r)/m <
Gq(2), therefore Qcrit (NBTI) Qcic (PBTI). Of course, the
QOcrit increases with the increase in the number of inputs, since
the parasitic capacitance at the output node increases as well.

Finally, it is interesting to observe that the relative difference
between Qgi; at t = 10 years, and Qi; at ¢ = 0 also increases
with the number of inputs. It ranges from —17.8% for a
two-input NOR, to —21.3% for a four-input NOR. This can
be explained by considering that the number of pMOS series
transistors increases with the number of inputs, thus giving
rise to a cumulative degradation effect on Q-

3) Symmetric, Minimum-Sized NAND Gate: We evaluated the
QOcrit at the output of a minimum sized, symmetric NAND gate
with two, three, and four inputs, when the output is driven by
either the pull-up or the pull-down network. The considered
active pull-up network consists of a single transistor for all
three cases, since this represents the worst case condition
for Q¢ evaluation. Table II shows the obtained results.
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In case of no degradation (r = 0), the Qi at the output
of the symmetric NAND gate can be equivalently evaluated
by considering the output driven either by a single pMOS
transistor of the pull-up network (worst case condition), or
by the pull-down network. For a symmetric NAND gate, it is
Gno/m = Gpo. Moreover, also in this case we expect that,
when the circuit starts aging, the worst case Q; scenario
is encountered when the output of the NAND is driven by
the pull-up network, since it is Gnp(?) < G, (¢)/m. Therefore,
it is Qcrit NBTI) Qcrit (PBTI) for ¢ > 0.

The Qgit decreases with the increase in the number of
inputs. Considering minimum-sized, symmetric gates, the
conductance of the pull-up/pull-down network under worst
case condition decreases with the number of inputs. For all
considered number of inputs, the relative difference between
Qcrit at t = 10 years and at t = 0 is 15%-16%. This can
be explained considering that, differently from the case of
the NOR gate, here the pull-up network considered for Qi
evaluation consists of a single pMOS transistor independently
of the number of inputs.

B. NOR and NAND Gates Qcir Comparison

In Section III-A, we have shown that the Q¢ of minimum-
sized symmetric NOR gates exceeds that of minimum-sized
symmetric NAND gates. This might lead to the conclusion
that NOR gates are more robust to SE and aging than NAND
gates: this is not true. The difference shown in Section III-A
depends on the sizes of the two gates. Minimum-sized sym-
metric NANDs are considerably smaller than minimum-sized
symmetric NORs. We have estimated the gate area in terms
of squares (UJ), where a square represent an area equal to
0.32um x 0.32 um = 0.1024 um?. From the sizes reported
in Section III-A, we can derive the following areas:

ANOR—2 = 114D, ANOR—3 = 243D, ANOR—4 = 420
Ananp—2 = 4.700;  Ananp-3 = 6.200;  Axanp—4 = 8.400.

Moreover, as known, NAND gates outperform NOR gates of
the same area. We will show here that NAND gates are also
more robust to BTI aging than NOR gates. For comparison
purposes, we will consider NAND and NOR gates with the
same area. The obtained simulation results are shown in
Fig. 3(a)—(c) for two, three, and four input gates, respectively.

Circuit operating time (years)

5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Circuit operating time (years)

(b) (©

Worst case Qcrit as a function of circuit lifetime, for NANDs (dashed lines) and NORs (solid lines) with (a) two, (b) three, and (c) four inputs.

As can be seen, the Q¢ values obtained for the NAND gates
are considerably higher than those for NOR gates of the same
area. The relative difference slightly increases with time and
number of inputs. It ranges from 1.4X at ¢+ = 0, for two-inputs
gates, to 2.3X at t = 10 years, for four-input gates. Therefore,
we can conclude that NAND gates are considerably more robust
against soft errors and BTI aging effects.

We have also considered the case of NAND and NOR gates
exhibiting an identical delay while driving an identical load.
As expected, in this case, NAND and NOR gates, having the
same conductance, present approximately the same Qi at
their outputs.

IV. EVALUATION OF SER VARIATION DUE TO BTI

Consider a particle hitting a node j of a combinational
circuit, and generating a SET. To generate a SE, the SET must
propagate up to a storage element m, satisfying its setup and
hold times. The probability that an SE is generated is [30]

(10)

where: PGgN, ; is the probability that a particle hitting the node
J generates a collected charge higher than Qcri¢, j; PSENS, jm 1S
the probability that the path between node j and the storage
element m is sensitized by the input configuration; Pprop, jm
is the probability that the glitch generated at node j arrives at
the input of the storage element m with amplitude and duration
large enough to be sampled; PLaTCH, jm is the probability that
the generated voltage glitch satisfies the setup and hold times
of the storage element and gets latched. The overall Psg is

Psg = Z,- (Zm PSE,jm)
= Zj PGeN, (Zm PsgNs, jm PPrOP, jm PLATCH, jm)~

It is worth noting that Psgns and Pparch are not affected
by BTI, thus they do not vary with time. As for Pprop, it
can slightly decrease with aging, since the ability of a gate to
propagate a voltage glitch depends on the gate conductance
[30]. However, in this paper, we focus on the generation
probability that enables to determine the maximum impact of
BTI on SE generation probability. Therefore, we assess only
BTI effect on Pggn. For the node j, it is [5]

Psg, jm = PGEN, j PSENS, jm PPROP, jm PLATCH, jm

Paen,j (1) = kjp e Crts® (11)
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Fig. 4. ITC’99 b02 benchmark.

where ¢ is a parameter depending on the a-particle flux, while
y and ¢ are fitting parameters. The parameter k; accounts
for the probability that a particle impacting the considered
circuit hits the critical area at node j, denoted by A;. It is
kj = Aj/Ator, where Ator is the total area of the circuit,
evaluated as the summation of the transistors’ gate and
junctions area.

The term A; has been evaluated as the critical area of
the gate driving the node j. In particular, when the pull-up
network of the driver is ON, the critical area is the drain
junction of the nMOS transistor in the OFF-state connected
to the output node of the gate. Similarly, when the pull-down
is ON, the area of the drain junction of the pMOS transistor in
the OFF-state connected to the output node of the gate should
be considered. Therefore, not only different critical charges,
but also different critical areas must be accounted for when a
generic node j is driven by the pull-up or pull-down network.

Considering equal to 0.5 the probability that a generic
node j is driven by the pull-up/pull-down network, the SET
generation probability in (11) can be written as

1 ()
PGeN,j (1) = 5‘/5% (kﬁ.”)e Crlt’(t)+k(p) Ugcm’j(t)) - (12)

Therefore, the maximum SER variation induced by BTI during
circuit lifetime (r > 0), with respect to its value at t = 0, is

ASER™ () = A PR (r)

A PGeEN
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Fig. 5. (a) a-particle induced voltage glitch generation probability.

(b) SE probability relative variation.

To assess the SER variation with circuit aging, we have
evaluated the Q¢ of the nodes of the benchmark circuit
b02 (Fig. 4) from the ITC 99 benchmark set [31]. We have
considered gates with different sizes and one year and 10 years
aging. For each node, we have estimated the Q¢ and the
critical area when the node is driven either by the pull-up
or pull-down network. The results are shown in Fig. 5. In
particular, Fig. 5(a) shows the generation probability, nor-
malized with respect to the coefficient ¢y /o, which is not
impacted by aging: NPgen-p represents the normalized gener-
ation probability obtained when the nodes are driven by the
pull-up networks; analogously for NPgen-n and the pull-down
network. NPgen-TOT represents the cumulative probability.
The probability values obtained at the beginning of circuit
lifetime, as well as after one year and 10 years of operating
time have been shown. As can be seen, NPgen-n is always
higher than NPgen-p. This is in contrast with the fact that the
Qcrit decrease due to NBTI is larger than that due to PBTI,
as discussed in the previous section. However, in a symmetric
gate, the critical area when the pull-up network is ON is usually
smaller than when the pull-down network is ON. As a result,
in (12) the contribution of the terms k; prevails over that of
the exponential terms, and NPgen-n exceeds NPgen-p for the
whole circuit lifetime.

In Fig. 5(b), we represent the relative variation of the SE
probabilities APsg = APgen due to NBTI, PBTI, and the
total one, after one and 10 years of circuit operation, over the
respective values at the beginning of circuit lifetime. As can
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be seen, A Psg (TOT) ranges from more than 11% after one
year, to more than 17% after ten year of circuit operation.

V. PROPOSED TIME-DEPENDENT MODEL FOR SE
SUSCEPTIBILITY EVALUATION

The results presented in the previous section have high-
lighted that the Qir decreases considerably with circuit aging
due to BTI. This poses new challenges to IC SER modeling,
mandating a time dependent modeling. Based on these results,
in this section, we propose a new time-dependent model of
Qcrit, enabling to account for BTI-induced degradation.

The static model in (6), allowing us to estimate the node
QO.rit as a function of load capacitance and driver conductance,
has been considered here as the starting point for our dynamic
model. Let us express Ot as a function of time as follows:

Ocrit (WDR, Wro, t) = Omin (t)+a (t) (WSR - Wmin)

+ by (WSR — Wmin) +bo (Wro — Winin)
(14)

where Qmin(f) is a time-dependent variable accounting for
the critical charge at the output of a minimum sized inverter
loaded by another minimum sized inverter; a(f) is a time-
dependent coefficient accounting for the contribution to Q.rit
of the conductance of the driving circuit; by is a constant
coefficient considering the contribution to Q¢ of the load
capacitance. It coincides with the correspondent b parameter
in (6), as well as the parameters WSR, WSR, and Wgo.
Differently from the static model in (6), the terms includ-
ing the contribution of the transistors’ conductance (Qmin
and a) vary over time, since they are affected by BTI
degradation. Instead, the term bg is constant, since the node
capacitance value is not affected by BTI. As recalled in
Section II-A, BTI degradation induces a transistor threshold
voltage increase (in absolute value) with a time dependency
of 11/6. Therefore, considering the linear relationship between
the transistor current and the threshold voltage in (9), we can
expect that also the transistor conductance degrades with the
same time dependence. Based on these considerations, the
time-dependent terms in (14) can be written as

Ouin(®) = Oumino (1 — k1 pyt'°)

a(t) = ao(1 F kagn,pt'"°) (15)

where Qmino and ag are the values assumed by such para-
meters at time 0, and coincide with the respective values
in (6). The coefficients ky(,, py and ky(,, ) are fitting parameters
that depend on technology and Si—dielectric interface trap
dynamics, accounting for PBTI and NBTI, respectively.

The sign of the time-dependent term should be chosen as
follows. Considering AWeq = (WSR—Wmin), if: 1) AWeq > 0,
the negative sign has to be chosen and 2) AW,q < 0, the
positive sign must be taken. This way, the contribution given
to Qcrit by the term accounting for the driver conductance
properly diminishes with circuit aging. Let us analyze in
details the case of AWeq < O (e.g., the case of a two-input

TABLE III
VALUES OF THE COEFFICIENTS OF THE PROPOSED MODEL

Qnino a, b, K1) ko)
[fC)] [fC/ nm] [fC/ nm] k[(n) kg(n)
[S-1/ 6] [5-1/ 6]

; . 589x10° 6.57x10°

855  3064x10° 1781x10° o0 S0t

NAND gate with minimum sized transistors). In this case, (14)
can be written as

Ocrit = Omino (1 — k11'°) +ag (1 + kot "O) AWeq + - - .

Since it is AWeq < 0, the contribution agA Weq correctly
subtracts to Qmino, at £ = 0. Moreover, for ¢t > 0, the term
apkot!/ 6AWeq is negative, accounting for the decrease of the
QOrit s circuit ages.

To estimate Q.rit, the coefficients in (14) and (15) have been
fitted with the results of the HSPICE simulations, considering
the device model, as reported in Section III-A. The coefficients
Omino,> @0, and by have been obtained by simulating a chain
of two symmetric inverters I1 (driver) and I2 (load), with
the following configurations: 1) I1 and 12 both minimum
sized (to estimate Qmnino); 2) I1 3X and 12 minimum sized
(to estimate ag); and 3) Il minimum sized and 12 3X (to
estimate bg). The coefficient ky(,, ) and ka(,,p) in (15) have
been fitted considering a chain of two inverters I1 (driver) and
12 (load), one year aging, and the configurations 1) and 2)
described above. The fitting parameters should be recalculated
for each process corner. However, only a few simulations of
two cascaded inverters are required.

The current induced by the a-particle hit has been modeled
by a double exponential pulse as in (4). The values obtained
are reported in Table III. As can be seen, the parameter ag is
two orders of magnitude greater than bg. As highlighted also
in [8], this means that the Qj; of a circuit node depends much
more on the driving gate conductance, rather than on the node
capacitance.

VI. PROPOSED MODEL VALIDATION AND ACCURACY

We have evaluated the accuracy of our proposed model by
determining the Q. at the outputs of different gates, with
different fan-ins and fan-outs, for a circuit operating time up
to 10 years. The gates have been implemented by the same
32-nm CMOS technology considered before.

The Q¢ at the output node of each gate has been deter-
mined by means of HSPICE simulations and by our model.
For each node, the driving and fan-out gates have been mapped
into equivalent symmetric inverters [6]. Fig. 6 shows the trend
in time of the relative error in the Q¢ prediction of our model
over HSPICE simulations. As can be seen, the error is always
lower than the 5%, but for the case of NOR gates with three
inputs (max relative error equal to 5.3%), and four inputs (max
relative error equal to 7.1%).

The proposed model has been validated considering also
the benchmark circuit ITC’99 b02. In particular, Fig. 7 reports
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the values of the normalized Pgen (as defined and calculated
in Section IV) obtained by HSPICE (Sim) and by adopting
our proposed model for Qc; estimation (Mod). As can be
seen, the relative error is approximately 3%, for one year and
10 years of circuit operating time.

Therefore, the proposed time-dependent model is able to
predict with a very good accuracy over electrical level sim-
ulations the Qr; at the outputs of elementary gates during
their life time, as well as the impact of BTI on the SER
of more complex circuits. This represents a great advantage
over the models proposed so far in literature, none of which
accounts for the BTI-induced degradation of Qi during
circuit lifetime.

VII. CONCLUSION

We have analyzed the effects of BTI on elementary gates, as
well as on SER of complex circuits. We have shown that BTI
may reduce significantly the Qi of their nodes, during their
in-field operation. In particular, NOR gates present a reduction
of Q¢ higher than NAND gates of the same area.

We have then proposed a time dependent model of Qrit
that, differently from the static models developed so far, is
able to account for the impact of BTI degradation on the Qi
thus on the IC SER. The proposed model features a very
good accuracy (below 4%average error and 7.1% maximum

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

error below in Q. estimation) over HSPICE simulations, for
circuit lifetime up to 10 years.
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