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Impact of Bias Temperature Instability on
Soft Error Susceptibility

Daniele Rossi, Member, IEEE, Martin Omafia, Cecilia Metra, Fellow, IEEE,

Alessandro Paccagnella, Senior Member, IEEE

Abstract— In this paper we address the issue of analyzing the
effects of aging mechanisms on ICs’> soft error susceptibility.
Particularly, we consider Bias Temperature Instability (BTI),
namely Negative BT1 (NBTI) in PMOS transistors and Positive
BTI (PBTI) in NMOS transistors, that are recognized as the most
critical aging mechanisms reducing the reliability of 1Cs. We
show that BT reduces significantly the critical charge of nodes of
combinational circuits during their in-field operation, thus
increasing the soft error susceptibility of the whole IC. We then
propose a time dependent model for soft error susceptibility
evaluation, enabling the use of adaptive SE hardening
approaches, based on the IC’s lifetime.

Index Terms— Aging, bias temperature instability, critical
charge, soft error.

I.  INTRODUCTION

THE continuous scaling of microelectronic technology
enables to keep on increasing system complexity and
performance. However, this growth comes together with a
reduction in ICs power supply and, consequently, noise
margins, thus increasing significantly their vulnerability to
radiation induced errors [1, 2, 3]. Particularly, it is expected
that single event transients (SETs) affecting combinational
logic will soon become a concern. In fact, 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 set-up and
hold-time constraints, it gets latched, thus giving rise to a SE
[3, 4, 5]. Intensive research has been devoted to the accurate
modeling of SETs [1, 2, 6, 7], as well as to the development of
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approaches to tolerate them [1, 8].

Along with the susceptibility to SETs, aggressively scaled
electronics is becoming increasingly prone to aging
mechanisms. Particularly, bias temperature-instability (BTI),
caused 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 50mV over ten 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 set-up 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, 13,
14]), and to develop approaches to limit its effects [9, 11, 15,
16].

While both SET and BTl modeling have each received
significant attention, less effort has been devoted to the
analysis of their interaction. Particularly, to the best of our
knowledge, so far the effects of aging on circuit Soft Error
Rate (SER) have been analyzed only in [17, 18, 19, 20, 21].
In [17, 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
soft error susceptibility) of the different circuit nodes. Finally,
in [20], we have presented the results of some preliminary
analyses showing that NBTI 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.

Based on these considerations, in this paper we address the
analysis of the effects of BTI on IC SE susceptibility. We will
show that BTI reduces significantly the value of the critical
charge of nodes of combinational circuits during their lifetime.
In fact, as shown in [6], the critical charge of a node strongly
depends on the value of the restoring current of its pull-
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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
area/performance trade-off, 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 critical charge 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 Qcrit With circuit aging, where an accurate Q. 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 to HSPICE simulations. Our model
will enable the adoption of proper adaptive solutions to
counteract the detrimental effect of BT on circuit SER.

The rest of the paper is organized as follows. In Section 2,
we give some preliminaries on BTI and soft error
susceptibility. In Section 3, we present the obtained results on
the impact of BTI on the Qi of nodes of combinational
circuits. In Sect. 4, we evaluate the impact of BTI in the SE
susceptibility of a benchmark circuit. In Section 5, we propose
a time-dependent model for SE susceptibility evaluation. In
Section 6, we evaluate the accuracy of the proposed model
with respect to HSPICE simulations. Finally, in Section. 6, we
give some conclusive remarks.

1. BACKGROUND

A. BTI Modeling

Bias Temperature Instability causes significant threshold
voltage shift in MOSFET, both using Hafnium-dioxide high-k
dielectric material [22], and pure Silicon Dioxide (SiO,) [14].
Negative BTI and Positive BTI 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 N;; depends on the initial Si-H
bond density (Ng), on the Si-H (forward) bond dissociation
rate constant (k;), on the Si bond annealing rate constant (k;),

as well as on the H and H, diffusion coefficient (D 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 Nt
varies with time (t) as follows:

2/3 1/3
Na© = (£ () (60n,t)” @

where parameters ky and ky, represent the H to H, conversion
rate, and the H, 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 t,, and denoting by
Nir(to) the concentration of the interface traps generated during
the stress phase, the trend over time of N;; during the
following recovery phase is given by [12]:

Mir® = N e) [1 = (252) " /(1+52)) 2
(t>to)

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 Nt is
given by [14]:

q(1+m)

AV (0) = X Nir (), 3)

Cox

where the coefficient y allows to distinguish between PBTI
and NBTI effects on nMOS and pMOS transistors,
respectively. Particularly, y equals 0.5, for nMOS transistors,
and 1 for pMOS transistors [14, 23], showing that PBTI is a
less severe problem than NBTI [23].

The threshold voltage shift can considerably degrade
transistor performance, since it may reach 50mV over ten
years [11], with a consequent reduction of the overdrive
voltage, thus of the provided current. Moreover, as shown in
Section 4, 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.

B. SET Modeling

As known, when an energetic particle strikes the silicon, it
travels and loses energy along a straight path. Considering an
alpha-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 alpha-particle and reaches its maximum near the end of
the alpha-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
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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 alpha-particles hitting CMOS
circuits has been modeled in [24] by a double-exponential
current pulse:

1(t) = —2—(e7t/7a — ¢7t/7). 4)
Tu_TB

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 75 accounts for
the ion-track establishment time constant. These time
constants depend on several process-related factors. For
simulation purposes, we will hereinafter consider the values
given in [25]: 7, = 1.64x10™° sec and 7 = 5x10"" sec.

If the collected charge reaches a critical value (denoted by
Qi) 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
captured by a sampling element, thus resulting in an SE.
Instead, in sequential elements, the generated SET may
directly result in an SEU [3].

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

Pyen(D) = ki%e_ﬁchit(i)’ (5)

where the coefficient k; accounts for the area of node i and the
alpha-particle flux, while « and g are fitting parameters. From
(5) it derives that the Q.. plays a dominant role in the SET
generation mechanism. The estimation of the Q. is therefore
of utmost importance to evaluate the SER of a circuit.

In [6], Rossi et al. 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, Qi is given by:

chit(WDR: WFO) = Qmin + a(WDGR - Wmin)
+ b(WDCR - Wmin) + b(WFO - Wmin):
(6)

where: WS is the equivalent channel width of the driving gate
(modeled as an equivalent inverter), accounting for the driving
conductance; WS, is the equivalent channel width of the
driving gate, accounting for the output capacitance; Wgo is the
equivalent channel width of the fan-out gates (modeled as an

3

equivalent inverter); Wy, is the minimum channel width for
the considered technology; Qnmin is the Qcit when Wpg = Weo =
Whin (constant for a given technology and power supply); a
and b are fitting parameters, weighting the contribution to Qi
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.

I11.  ANALYSIS OF THE BTI IMPACT ON THE CRITICAL
CHARGE

In this section, we analyze the impact of the n/pMOS
transistor threshold voltage shift (4Vy,) induced by BTI on the
Qqit of combinational circuits. Particularly, by means of
HSPICE simulations, we evaluate the Q. Vvariation at the
output of NOT, NAND and NOR gates, with a variable
number of inputs (up to 4).

A. BTI-Induced Qi Variation

We have implemented elementary gates by a High
Performance Metal Gate, High-K, Strained-Si, 32nm CMOS
technology (with 1V power supply) from PTM [27]. The gates
have been designed in order to be with minimum area and
symmetric. We have evaluated the threshold voltage shift
(4Vy) of n/pMOS transistors induced by  PBTI/NBTI
degradation by utilizing the model described in Section II.
Particularly, 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
AVy, 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 Qi

Consider a generic symmetric gate described by an
equivalent 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
saturation condition [29], at time O it is:

B, =15, =
l/Veqnco;»c(VGSn - V’[(')n)vsatn = M/;qu Cox(VSGp - |V79p|)vsatp’

U]

where Visn, Vsarn, (Vsops Vsarp) @re the gate-source (source-
gate) voltage difference and the velocity saturation of the
nMOS (pMOS) transistors, respectively; V7, (V7,)is the
threshold voltage of pMOS (nMOS) transistors at time 0; Cy,
is the oxide capacitance (per unit of area); W,q, (Weqp) is the
equivalent channel width of the nMOS (pMOS) transistors of
the equivalent inverter. Denoting K ¢gnp) = Wegn) Cox Vsan() »
we can write:

Keqn(VGSn - VTOn) = Keqp (VSGp - |V79p|) = IDO- (8)

Considering the BTI-induced degradation, at the generic
time instant time t, the drain current for the nMOS and pMOS
transistors are:
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Ipn(0) = Kegn[Vesn — (Vi + AV (0)] = I — KognAVin (1)
Inp () = Kegp [ Vsep — (VR = AV (D)])] = I — KegpAVry (8),
9)

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

Since it is Vi, = |Vf,|, (8) implies that Koy, = Keqp.
Moreover, from (3) it is AVr, (t) = 2AVz,(t). Then, from (9),
it can be derived that it is always Ip,(t) < Ip,(t),Vt > 0.
Consequently, it is G,(t) < G,(t),vt >0, where G,(t)
(G,(t)) denotes the conductance of the nMOS (pMOS)
transistors as a function of time.

As an example, Fig. 1 reports the simulation results
obtained when two alpha particles, with the same energy, hit
the same node within a NOT chain, at two different instants
during circuit life time: i) at the beginning of the gate
operating life (Fig. 1(a)); ii) after 10 years of operating time
(Fig. 1(b)). We have simulated the worst case scenario, when
the hit node is driven 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 Q. is considerably smaller after 10 years of
circuit operation than at the beginning of circuit lifetime.

1) Symmetric, Minimum-Sized NOT Gate

Figure 2 reports the values of Qi 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 t=0 (non-aged circuit), the Qi Vvalues 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 AVy, reaches
-9.3% for t=10 years.

The value of Q. is a decreasing, monotonic function.
During the first 2-3 years of circuit operation, Q.; 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 reports the values of the Qg at the output of a NOR
gate with 2, 3 and 4 inputs, for several values of operating
time, 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 NBT] 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 (t=0) and symmetric gate, the Qi
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 G,o/m = Gpo, Where Gpo (Gyo) is
the conductance of the pMOS (nMOS) transistors at the
beginning of circuit life time (t=0), while m is the number of
inputs.

TABLEI
CRITICAL CHARGE (fC) FOR MINIMUM SI1ZED SYMMETRIC NOR GATES WITH
2, 3AND 4 INPUTS

Operating 2IN 3IN 4IN
Time NBTI | PBTI | NBTI | PBTI | NBTI | PBTI
0 10.16 | 10.16 | 10.34 | 10.34 | 10.68 | 10.68
ly 9.01 | 962 | 918 | 980 | 9.23| 9.91
5y 8.47 | 932 | 854 | 952 | 858 | 964
10y 825 | 926 | 838| 945| 840 | 9.58

As the NOR gate starts aging (t>0), it is G, (t)/m < G,(t),
therefore Q. it(NBTN<Q.t(PBTI). Of course, the Qi
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 Qi at t=10 years, and Q. at t=0 also
increases with the number of inputs. It ranges from -17.8% for
a 2-input NOR, to -21.3% for a 4-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 Qi

3) Symmetric, Minimum-Sized NAND gate

We evaluated the Q.. at the output of a minimum sized,
symmetric NAND gate with 2, 3 and 4 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 Il reports the
obtained results. In case of no degradation (time 0), the Q; at
the output of the symmetric NAND gate can be equivalently
evaluated by considering the output driven either by a single
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Fig. 2. Simulation results showing the values of critical charge of a NOT
gate, as a function of circuit lifetime.



AUTHOR: TITLE

pMOS transistor of the pull-up network (worst case
condition), or by the pull-down network. In fact, for a
symmetric NAND gate, it is G,,/m = G,o. Moreover, also in
this case we expect that, when the circuit starts aging, the
worst case Qit scenario is encountered when the output of the
NAND is driven by the pull-up network, since it is
Gnp (t) < G (t)/m. Therefore, it is Qcrit(NBTI)<Qcit(PBTI)
for t>0.

TABLEII
CRITICAL CHARGE (fC) FOR MINIMUM SI1ZED SYMMETRIC NAND GATES WITH
2,3AND 4 INPUTS

Operating 2IN 3IN 4 1IN

Time NBTI | PBTI | NBTI | PBTI | NBTI | PBTI
0 5.13 5.13 3.97 3.97 3.60 3.60
ly 471 4.88 3.61 3.83 3.27 3.53
5y 4.40 4,75 3.42 3.73 3.10 3.44
10y 4.34 4,73 3.39 3.71 3.06 3.42
The Qgit decreases with the increase in the number of

inputs. In fact, considering minimum-sized, symmetric gates,
the conductance of the pull-up/pull-down network under worst
case condition decreases with the number of inputs. In Fig. 4
we can notice that the Q; degradation is less dependent on
the number of inputs than for the NOR gate. For all considered
number of inputs, the relative difference between Q. 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 Q. evaluation
consists of a single pMOS transistor independently of the
number of inputs.

B. NOR and NAND Gates Qs Comparison

In the previous subsection 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. In fact, the difference
shown in the previous subsection depends on the sizes of the
two gates. Minimum-sized symmetric NANDs are
considerably smaller than minimum-sized symmetric NORs.
We have estimated the gate area in terms of squares (o0), where
a square represent an area equal to 0.32um x 0.32um =

5

0.1024um?. From the sizes reported in Sect. 3.1, we can derive
the following areas:

Anor—2=11.40; Anor—3= 24.30; Aynor—s= 420
Ananp-2=4.70; Ayanp-3=6.20; Ayanp-s= 8.40

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 depicted in
Figs. 3 (a), (b) and (c) for 2, 3 and 4 input gates, respectively.
As can be seen, the Q.i; 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 t=0, for 2-inputs
gates, to 2.3X at t=10 years, for 4-input gates. Therefore, we
can conclude that NAND gates are considerably more robust
against soft errors and BT 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.

V.

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 set-up and
hold times. The probability that a SE is generated is [30]:

EVALUATION OF SER VARIATION DUE TO BT

PSE,jm = PGEN,jPSENS,ijPROP,jmPLATCH,jm1 (10)
where: Pggy ; is the probability that a particle hitting the node j
generates a collected charge higher than Qciij; Psgys,jm 1S the
probability that the path between node j and the storage element
m is sensitized by the input configuration; Ppgrop 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; Pprcyjm is the probability that the
generated voltage glitch satisfies the set-up and hold times of the
storage element and gets latched. The overall Pg is:

N
N

-+ -2-input NAND R
| —=—2-input NOR R

\
..
* e

n
S

R R ey S

®

Tt e,
i el SRR 16

Qcri(fC)
Qcrrr(fC)

|
|

®

§ 16 -+ -4-input NAND
[-+-3-nputNAND| | B —=—4-input NOR
| —=—3-input NOR <2
12
.\\-\‘\.*

Circuit operating time (years)

@

Circuit operating time (years)

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

(b) (©

Fig. 3. Worst case Qit as a function of circuit lifetime, for NANDs (dashed lines) and NORs (solid lines) with 2 (a), 3 (b) and 4 (c) inputs.
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PSE = z 1 (z PSE'jm)
j m
= Z . PGEN,j (Z PSENS,ijPROP,jmPLATCH,jm)-
j m

It is worth noting that Pggys and P,y are not affected by
BTI, thus they do not vary with time. As for Ppggp, 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 work, we focus on the generation
probability, which enables to determine the maximum impact
of BTl on SE generation probability. Therefore, we assess
only BTI effect on Pggy. For the node j, itis [5]:

PGEN,j(t) = kj¢§e_ﬂth'j(t)' (11)
where ¢ is a parameter depending on the alpha-particle flux,
while yand o 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:
ki=Aj/Aror, where Aror 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. Particularly, 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:

__® _
PGEN,j(t) = %¢£ <kj(n)e O'Qc‘rit,j(t) + k].(p)e Jchit,j(t))_ (12)
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Fig. 4. ITC’99 b02 benchmark.

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

PGEN,j ) - PGEN,j (0)
J Peen, j 0)
K [e—aoéfit,,m _ e—«roé%,,-(m]

ASER™(£) = AR () = APey = ».

= Z , ®
j kj(n>e—cfo;’u,,-<0> + k}gme—«roﬁ’:&,j(w

k].(p) [e—aoﬁ’,?t_j(t) _ e—oQﬁ'J?ﬁJ(t)]

: : ® '
j k,'(n) o~ it © 4 k].(p)e_a Qroe;©
(13)

In order 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 1 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 depicted in Fig. 5.
Particularly, Fig. 5(a) shows the generation probability,
normalized with respect to the coefficient ¢y/c, which is not
impacted by aging: NPgen-p represents the normalized
generation 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
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Fig. 5. (a) Alpha particle induced voltage glitch generation probability; (b) SE
probability relative variation.
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of circuit lifetime, as well as after 1 year and 10 years of
operating time have been depicted. As can be seen, NPgen-n is
always higher than NPgen-p. This is in contrast with the fact
that the Qi 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 = APggy due to NBTI, PBTI and the total
one, after 1 and 10 years of circuit operation, over the
respective values at the beginning of circuit lifetime. As can be
seen, APse(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
highlighted that the Qi 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 Qi enabling to account for BTI-induced
degradation.

The static model in (6), allowing us to estimate the node
Q.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 Qi as a function of time as follows:

Qcrit Wpr, Wro, t) = Qmin () + a(t) (WDGR = Whnin)
+ bO(WgR - Wmin) + bO (WFO - Wmin)’
(14)

where: Qnin(t) 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(t) is a time-
dependent coefficient accounting for the contribution to Qi
of the conductance of the driving circuit; by is a constant
coefficient taking into account the contribution to Q. of the
load capacitance. It coincides with the correspondent b
parameter in (6), as well as the parameters WS, WSgand
Wro.

Differently from the static model in (6), the terms including
the contribution of the transistors’ conductance (Qui, and a)
vary over time, since they are affected by BTI degradation.
Instead, the term b, is constant, since the node capacitance
value is not affected by BTI. As recalled in Sect. 2.1, BTI
degradation induces a transistor threshold voltage increase (in
absolute value) with a time dependency of t°. 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:

Qmin(t) = Qmino(l - kl(n,p)tl/e')

a(®) = ag(1F kyppt®), (15)
where Qning and a, are the values assumed by such parameters
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 in the time-dependent term should be chosen as
follows. Considering AW,, = (Wgg — W), if: i) AW, > 0,
the negative sign has to be chosen; ii) AW,, < 0, the positive
sigh must be taken. This way, the contribution given to Q.i; by
the term accounting for the driver conductance properly
diminishes with circuit aging. Let us analyze in details the
case of AW,, < 0 (e.g., the case of a 2-input NAND gate with
minimum sized transistors). In this case, (14) can be written
as:

Qcrit = Qmino(1 — k1t0) + ag(1 + kot Y/¢)AW,, + - .

Since it is AW,, <0, the contribution a,AW,, correctly
subtracts t0 Q.,ino, at t = 0. Moreover, for t > 0, the term
a0k2t1/6AWeq is negative, accounting for the decrease of the
Qcrit as circuit ages.

In order to estimate Q. the coefficients in (14) and (15)
have been fitted with the results of the HSPICE simulations,
considering the device model as reported in Sect. 3.1. The
coefficients Qmino, 8o and by have been obtained by simulating
a chain of two symmetric inverters 11 (driver) and 12 (load),
with the following configurations: a) 11 and 12 both minimum
sized (to estimate Qping); b) 11 3X and 12 minimum sized (to
estimate a,); ¢) 11 minimum sized and 12 3X (to estimate by).
The coefficient Kypnp and kpnp in (11) have been fitted
considering a chain of two inverters 11 (driver) and 12 (load), 1
year aging, and the configurations a) and b) 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 alpha-particle hit has been
modeled by a double exponential pulse as in (4). The values
obtained are reported in Table Ill. As can be seen, the
parameter a, is two orders of magnitude greater than by. As
highlighted also in [8], this means that the Q. 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 32nm
CMOS technology considered before.
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TABLE 1l
VALUES OF THE COEFFICIEN TS OF THE PROPOSED M ODEL
Qmino a, bo Kip) Ko
[fC)] [fC/nm]  [fC/ nm] Kio Koo
[s¥9 [s¥9
5 s 5.89x10° 6.57x10°
8.55 306.4x10° 1.781x10 2 96x10°  2.96x10°

The Q. at the output node of each gate has been
determined 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
reports the trend in time of the relative error in the Qg
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 3 inputs (max relative error equal to
5.3%), and 4 inputs (max relative error equal to 7.1%).

The proposed model has been validated considering also the
benchmark circuit ITC’99 b02. Particularly, Fig. 7 reports the
values of the normalized Pgen (as defined and calculated in
Sect. 4) obtained by HSPICE (Sim) and by adopting our
proposed model for Q; estimation (Mod). As can be seen, the
relative error is approximately 3%, for 1 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
simulations the Q. 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 Q. during
circuit lifetime.

VII. CONCLUSIONS

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

We have then proposed a time dependent model of Q.; that,
differently from the static models developed so far, is able to
account for the impact of BTI degradation on the Q, thus on
the IC SER. The proposed model features a very good
accuracy (below 4%average error and 7.1% maximum error
below in Q.i; estimation) over HSPICE simulations, for circuit
lifetime up to 10 years.
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