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ARTICLE INFO ABSTRACT

Keywords: Since thermal responses of the drive current in recent 3D FinFET and conventional planar transistors are dif-
Bias Temperature Instability (BTI) ferent, addressing performance and reliability in advanced VLSI circuits must be reconsidered. This study in-
FinFET vestigates temperature effects on two of the most problematic reliability issues in modern logic circuits, namely
Logic circuit Bias Temperature Instability (BTI) and soft errors. In particular, we initially examine the inversion of tem-
:Eg;;rgzhage perature effect that strengthens the drive current in 14-nm bulk tri-gate FinFETs with increasing temperature,

and model it as a source of threshold voltage reduction. This temperature-induced threshold voltage variation is
consequently adapted into our proposed simulation and analysis framework for BTI degradation in large com-
binational circuits. The BTI aging results from our proposed estimation are more pessimistic than that from the
conventional approach where the temperature effect is excluded. Simulation results show that long-term BTI
aging delay worsens as temperature increases, yet the domination of thermal effect on the drive current leads to
overall performance improvement in all circuits under 10-year BTI stress. In addition, soft errors and their
masking probabilities in logic circuits are addressed under the inversion of temperature effect and supply voltage
variation. The results reveal that soft error immunity in all experimental circuits improves significantly with
increasing supply voltage and temperature, mainly due to the increase of critical charge. The average relative
soft error rate when the supply voltage changes from 0.4 V to 0.6 V and 0.8 V at 0 °C is as low as 3.7% and 0.08%
of the average result at 0.4 V, respectively. On average, the relative soft error rate at a particular supply voltage
when temperature changes from 0 °C to 40 °C, 80 °C, and 120 °C is around 70%, 50%, and 30% of the average
result at 0 °C, respectively.

Temperature effect

1. Introduction doping profiles of either of these two structures also greatly affect the

thermal characteristic. Furthermore, the study in [6] suggests that the

In modern processors designed with 3D FinFET technology, large
thermal resistance due to device structure accelerates the self-heating
effect (SHE) causing a sharp increase in chip temperature [1-3]. Heat
has become a major concern for most processor designers since tem-
perature is one of the key factors that profoundly influences perfor-
mance and reliability of VLSI circuits. In addition to heat issues, the
response of performance to temperature variation in innovative devices
is not well addressed yet, and considerably different from that of con-
ventional transistors. Thus, previous models for temperature-dependent
reliability effects may not be suitable for the state of the art technology.
A few works have investigated thermal impacts on performance and
reliability of FinFET devices/circuits over recent years. For device-level
considerations, a physics-based thermal model for FinFET structure
utilizing characteristics thermal lengths and resistances was proposed
in [4]. The work in [5] observed that thermal effect on performance in
SOI FinFETs is stronger than that in bulk FinFETs, but geometry and
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impact of process, voltage, and temperature variations on reliability of
standard cells must be managed carefully at the early steps of the de-
sign. Initially addressed in [7], while the superthreshold drive current
of a conventional device weakens as temperature increases, the inver-
sion of temperature effect in a FinFET raises the drive current at high
temperature. The aforementioned issue in [7] may lead to some
changes in modeling performance and reliability for modern designs,
and it motivates us to reconsider the thermal effect on circuit reliability.

BTI aging has been reported as one of the most serious long-term
temperature-dependent reliability issues for the past and present tran-
sistor technology. Two types of BTI that affect p-type and n-type tran-
sistors are the negative BTI (NBTI) and positive BTI (PBTI), respec-
tively. BTI causes the threshold voltage of the device to increase over
time under a certain bias condition. While BTI in conventional tran-
sistors has well been studied, BTI in FinFETs has just become the focus
of a few recent works. The study on BTI in SRAMs from [8] concluded
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that FinFET cells are more vulnerable to BTI degradation than planar
CMOS cells, and BTI is strongly dependent on supply voltage. In logic
circuits, although BTI is slightly affected by supply voltage and fre-
quency, the side effect of temperature change from dynamic voltage
and frequency scaling (DVFS) is found to be increasingly significant [9].
The work in [10] developed a technique for NBTI mitigation on FInFET
GPU by use of device heterogeneity that replaces more sensitive Fin-
FETs with planar devices. In datapath logic subblocks, NBTI was found
to be affected by workload and architectural factor variations [11]. A
machine learning-based monitoring method was developed in [12] to
estimate aging delay in embedded processers at RTL by use of BTI de-
pendency on workload. Additionally, it was revealed in [13] that NBTI
dependency on frequency is moderately serious for very high GHz ap-
plications.

On the other hand, radiation-induced soft errors have intensely af-
fected short-term reliability of deep nanometer VLSI circuits. Particle
strikes at a circuit node with sufficient energy can induce a single event
transient (SET) leading to a flip in logic level. If this transient pulse can
propagate through sensitized paths and reach any memory element, it
will bring a soft error to the circuit. Technology scaling has exacerbated
logic soft error rate (SER) to be comparable to SER of SRAMs [14, 15].
Unfortunately, managing soft errors in combinational logic requires
high cost in terms of area and performance overhead [16]. For this
reason, improving soft error immunity in logic circuits has become
essential. While soft errors in conventional MOSFET technology have
been well investigated, there have been few studies on soft errors in
FinFET technology. Examples of recent works on addressing soft errors
for advanced transistor technology are as follows. At the device level,
the work in [17] modeled SET in advanced devices and ICs for various
design structures. Furthermore, the study in [18] proposed a technique
to improve soft error rate (SER) by adjusting some geometrical para-
meters of individual FinFETs. The results from [19] reveal that soft
error vulnerability of FinFETs is significantly lower than that of the
prior technologies. In [20], soft errors in SRAMs and logic circuits,
designed with different device materials and architectures, were eval-
uated under supply voltage scaling. For FinFET flip-flop and SRAMs, the
impact of process variation in smaller technology nodes and influence
of supply voltage on SER are substantially powerful [21-23]. In [24],
the assessment of logic SER and flip-flop SER for alpha particle strikes
in 28-nm circuits was performed considering the impact of supply
voltage and frequency. Performance of SET hardening strategies was
analyzed in [15] for FinFET and planar circuits operating at near-
threshold voltage under the impact of technology scaling as well as the
variations in threshold voltage and supply voltage.

Most of the previous works on BTI and soft errors in FinFETs
exploited reliability models for conventional planar technology, re-
gardless of the thermal impact. These include the recent investigations
for the impact of BTI on logic SER in [25, 26]. On the other hand, our
preliminary study [27] noticed that the inversion of temperature effect
in modern designs that improves circuit performance at high tem-
perature provides positive feedback of heat and larger BTI degradation.
This also motivates us to further investigate the thermal impact on BTI
and soft error masking characteristics in FinFET designs. In this work,
we show an effort to address impacts of temperature on BTI aging and
soft errors in logic circuits. The contributions of our study are as fol-
lows.

1) Addressing BTI in FinFET combinational circuits considering
thermal impact:

We propose and verify the idea of representing thermal response of
the drive current and delay as a source of threshold voltage variation.
This temperature-induced threshold voltage shift is taken in evaluating
thermal effect on BTI degradation in large combinational circuits.

2) Evaluating logic soft errors under temperature effect and circuit
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parameter variations:

We investigate the impact of temperature on soft error masking
probabilities and logic SER. The proposed simulation and analysis fra-
mework of thermal response of soft errors takes supply voltage varia-
tion into consideration.

The remainder of this paper is organized as follows. A brief review
of temperature effect on the drive current and delay in FinFET devices
and logic gates is provided in Section 2. Effect of temperature on BTI
aging is discussed in Section 3. Section 4 discusses thermal impact of
soft errors under circuit parameter variation and BTI aging. Finally, all
works are concluded in Section 5.

2. Temperature effects on circuit performance

This section reviews the impact of temperature on the drive current
of FinFET devices and delay performance of logic gates. We also discuss
a temperature-dependent delay model in which the temperature effect
is considered as another source of threshold voltage variation. Finally,
the proposed delay model is used to investigate the delay of large
benchmark circuits designed with FinFET technology under tempera-
ture variation.

2.1. Inversion of temperature effect in FinFETs

Two key temperature-dependent parameters that affect the drive
current of a transistor are carrier mobility and threshold voltage. The
degradation of mobility at high temperature significantly impacts
conventional planar transistors due to the ionized impurity and phonon
scattering effect from their highly doped body to mitigate the short-
channel effect [28]. On the other hand, more intrinsic FinFET's body
causes the carrier mobility to be relatively insensitive to temperature
variation. Although threshold voltage of both devices tends to decrease
with temperature, high tensile stress in FInFET's thin body induces the
bandgap narrowing that consequently results in large threshold voltage
reduction [29]. Hence, with increasing temperature, FIinFETs experi-
ence the stronger drive current.

The drive current (I,,) of both types of transistor in subthreshold
and superthreshold regimes can be expressed as

Vgs—Vin (T)

u(Te 5O, Vos < Vi

u(T)(Vgs — Vin (T))¥ otherwise

Ion =
(€]

where y, S, Vy, and a are the carrier mobility, subthreshold swing,
threshold voltage, and velocity saturation index, respectively [7]. Fig. 1
plots I, with temperature in a 14-nm bulk tri-gate nFinFET (Fig. 1(a))
and pFinFET (Fig. 1(b)) for different Vg, levels, whereas Fig. 2 illustrates
the temperature effect on I, in a 22-nm high-k/metal gate nMOSFET
(Fig. 2(a)) and pMOSFET (Fig. 2(b)). It can be noticed from Fig. 1 and
Fig. 2 that in subthreshold operation with small Vg, I,, of both planar
and 3D transistors increases as temperature increases because the in-
crease of the exponential term in (1) mainly due to heat-induced V
reduction dominates the change of u-dependent term. However, in su-
perthreshold operation with large Vg, I,, of both types of transistor
reacts to temperature differently. The planar device has weaker I, with
increasing temperature because the large degradation in u(T) overrides
the nearly linear increase of the V,-dependent term. On the other hand,
the slight change in p(T) of the FinFET cannot supersede the impact of
its decreased Vy,, thereby strengthening the superthreshold I,,. There-
fore, at high temperature in superthreshold operation, the stronger
drive current in FinFETs improves timing performance of the chip
whereas the weaker I,, in planar MOSFETs leads to performance de-
gradation.
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Fig. 1. I,, with temperature in 14-nm bulk tri-gate n/pFinFETs for different V.

2.2. Temperature-induced variations in threshold voltage and circuit delay

Threshold voltage variation predominantly influences various per-
formance- and reliability-related issues. A shift in threshold voltage can
cause a device to run faster (lower V) or slower (higher V). The
variation in gate and flip-flop timing performance can consequently
affect some masking probabilities that define SER of a circuit. In ad-
dition, the devices with low Vy;, tend to have larger BTI stress than those
high-Vy, transistors at a particular temperature [27]. The concern about
threshold voltage variation has commonly been raised in modeling a
number of performance and failure mechanisms.

To take into account the effect of temperature, we consider the
temperature variation equivalent to the threshold voltage shift from the
reference level at a fixed temperature. Fig. 3 shows the equivalent
threshold voltage shift due to temperature (AVi, remp) that causes the
device drive current to change around the reference temperature of
25 °C with |V, = 0.8V for 14-nm tri-gate n/pFinFETs (Fig. 3(a)) and
22-nm high k/metal gate planar n/pMOSFETs (Fig. 3(b)). The increase
in the drive current of the FinFETs at higher temperature in Fig. 3(a) is
captured by the decrease in their threshold voltage at 25 °C (negative
AV, 1emp)- On the other hand, the threshold voltage of planar MOSFETs
in Fig. 3(b) increases with temperature (positive AV, remp) Weakening

the device drive current. The alpha-power law [10] stated below can be
adopted to estimate the circuit delay.
Vad

delay «
[Vdd - (VthO + AVth,Temp)]a (2)

where a is the velocity saturation index, Vyq is the supply voltage, and
Vino is the original threshold voltage. From (2), the negative AV, remp
for FinFETs causes the transistor delay to decrease with increasing
temperature, whereas the positive AV, remp at high temperature for
planar devices worsens their timing performance. In the general case
where other causes of threshold voltage variation take place, the shift in
threshold voltage for each individual transistor is likely to be different.
Under the shift in threshold voltage AV, ; corresponding to transistor i,
the simplified form of (2), which gives the change in the delay of
transistor i (Aty ;) [30, 31], can be expressed as
Atq; = Mtdo,i
Vad — Vino 3)

where tg4, ; is load-dependent original delay. It can be noticed from (3)
that with a given load, Aty ; is proportional to AV, ;.

For a parallel transistor network, the worst-case network delay is
defined as the delay of the transistor with the smallest decrease or the
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Fig. 2. I, with temperature in 22-nm high k/metal gate n/pMOSFETs for different V.
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Fig. 3. AV, remp of 14-nm bulk tri-gate n/pFinFETs and 22-nm high k/metal gate n/p planar MOSFETs with Vg, = 0.8 V.

largest increase in threshold voltage. That is

Atd,par = Cpar *tqo 'maX{AV;h,i}

4

where Aty pqr is the change in the delay of the parallel transistor net-
work, t4 is the original network delay, and the proportional constant
Cpor can be identified by linear fitting. Particularly, all constants in (4)
can be determined under the assumption that the original network
delay is considered proportional to intrinsic capacitance and load ca-
pacitance. Both types of capacitance can be estimated linear with the
total number of fins of transistors connected to the gate output as fully
discussed and verified in [32].

For a series network, each device contributes to the change in the
network delay Aty s, which is given by

#of inputs—1
A[d,xer = Z Atd,i
i=0 )
where
Atd,i = Cser°td0,i'AVth,i (6)

The constant C, and original delay t4o, ; in (6) can be obtained from
the linear relationship between AV, ; and Aty ; at a particular load
capacitance [32]. As we focus on the temperature effect on timing
performance of the circuit under BTI stress, the total AVy, ; consists of
AV, remp and the threshold voltage shift due to BTI aging.

The gate propagation delay under threshold voltage variation can be
achieved by averaging the values of falling and rising propagation delay
of parallel and series networks in (4) and (5). Further, we can perform
critical path analysis to evaluate the overall circuit delay. An advantage
of using this proposed delay model is that we simply keep the operating
temperature constant, while varying the corresponding AVy, remp.

2.3. Model verification

Considering that the threshold voltage shift is caused by only tem-
perature effect, all n or p transistors operating at a particular tem-
perature have the same amount of threshold voltage variation which is
equal to AV, remp. The idea of using AV, remp to match the change in
circuit delay due to temperature effect was initially applied to evaluate
the delay of all mapping gates in the cell library which consists of the
inverter and 2-, 3- 4-input NAND/NOR gates designed with the 14-nm
bulk tri-gate FinFET predictive technology from [33]. The proposed
delay estimation primarily uses (4)-(6) assuming that the operating
temperature is fixed at 25 °C, while the threshold voltage of each type of
transistor is varied by AV emp. We compared the proposed delay
model with the reference SPICE model where temperature was adjusted
directly. The comparison shown in Fig. 4(a) — (g) was performed for
each library gate with the nominal superthreshold supply voltage of
0.8V and the same given load. As reported in Fig. 4, the proposed
method yields the outcomes that are very close to those from the
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temperature-dependent SPICE model for all types of gate in the cell
library. Therefore, use of AV, remp to capture the temperature variation
is reasonably applicable. A more effort may be taken if we derive the
gate/circuit delay directly from temperature variation.

Further, we applied our proposed delay model to large circuits se-
lected from ISCAS-85/89 (combinational parts) and MCNC benchmark
suites to investigate the delay characteristic of FinFET designs under
temperature variation. The library gates for all experimental circuits
include all gates that were evaluated in Fig. 4 with 0.8-V supply vol-
tage. In this simulation and analysis of delay performance, the tem-
perature variation is represented as the shift in threshold voltage
AV, 1emp from the reference level at 25 °C as illustrated in Fig. 3. Table 1
reports the normalized delay results with respect to the delay at 25 °C
for a number of logic circuits operating under different temperatures
(40°C, 80°C, and 120 °C). It is clearly seen that the inversion of tem-
perature effect causes all experimental circuits in Table 1 to run faster
as temperature increases. It can also be noticed from Table 1 that the
average delay of all circuits reduces as large as 19% when the operating
temperature changes from 25 °C to 120 °C. The results in Table 1 remind
us of the importance of the inversion of temperature effect in FInFET
designs where the moderate influence of temperature cannot be ex-
cluded from modeling and analysis of the circuit delay. The increase of
the drive current with temperature essentially affects not only the
performance but also the reliability of FIinFET designs. Unfortunately,
few works have thoroughly investigated the latter, leaving reliability
analysis in modern VLSI circuits relatively inaccurate. As BTI and soft
errors have increasingly worsened long-term and transient reliability of
the state of the art processors in recent years, thermal response of
FinFET motivates us to further develop better models for the above
problems.

3. Temperature effect on BTI

BTI related theories are briefly described in this section. Afterwards,
long-term BTI degradation under temperature effect in large experi-
mental circuits is investigated considering temperature-induced
threshold voltage variation.

3.1. BTI background

NBTI and PBTI gradually downgrade the drive current of p-type and
n-type devices over time. A p-type transistor suffers NBTI stress under
the negative bias where holes from the inversion layer break Si—H
bonds at the Si/SiO, interface generating dangling Si* bonds (also
known as the interface traps) and H diffusion from the interface. These
interface traps cause an increase in device threshold voltage, thereby
weakening the drive current. When the negative bias is terminated,
some of H atoms diffuse back and passivate the interface traps resulting
in the recovery of device threshold voltage. PBTI that affects n-type
devices is caused by electron trapping in high-k dielectrics. The
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Table 1 K(C,Qiny) is a function of the diffusion temperature-dependent

Normalized delay under temperature variation.

Circuit Normalized delay

40°C 80°C 120°C
C1908 0.9692 0.8909 0.8177
C6288 0.9699 0.8927 0.8197
C7552 0.9722 0.9021 0.8371
i7 0.9733 0.9065 0.8456
i8 0.9597 0.8554 0.7555
i9 0.9683 0.8872 0.8104
$5378 0.9721 0.9020 0.7375
$15850 0.9732 0.9061 0.8445
$35932 0.9747 0.9121 0.8557
Average 0.9703 0.8950 0.8137

fabrication process and quality of the high-k material considerably in-
fluence PBTI degradation [34].

A reaction-diffusion (RD) based BTI model for long-term Vy, shift
prediction [35, 36] can be expressed as

A [Ks (c, Qinv)]2 *Seleycle u

1= K, (G0

AVipprr =X
@

where AVy, gy is the threshold voltage shift due to BTI in a transistor,
is set to 1 for NBTI and 0.5 for PBTI, K\(C,Q;») and K.(C,t) are the
parameters of stress and recovery mechanisms, respectively, s is the
fraction of stress time, t is the operating time, t.,. is the stress/recovery
cycle time, and n is the fitting parameter which is either 1/4 for H-
based diffusion or 1/6 for Hy-based diffusion.
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coefficient (C) and inversion charge density (Q;,,) which are defined by
the following equations [37].

-E
C =T, exp| —2
0o ep (kBT) ®)

where E, is the activation energy, kg is the Boltzmann's constant, and T,
is another temperature-related constant, and

Qi = Cox(Vg: - V;h) ©

where Q;,, is the inversion charge density for saturation region which is
bias-dependent, and C,, is the gate capacitance per unit area. In ad-
dition to the parameter of stress, the parameter of recovery, K,(C,t), is
time-dependent and is also a function of C.

All parameters in (7), (8) and (9) are adopted from [35, 38]. To sum
up, the threshold voltage shift due to BTI or AV, pryin (7) that causes
the circuit delay to increase over time is dependent on temperature,
time, bias, and original threshold voltage.

3.2. BTI under temperature effect

For a FinFET device, increased temperature exponentially increases
the temperature-dependent term in (8), and moderately raises Q;,, in
(9) due to threshold voltage reduction by AV, remp. Furthermore, the
term Qg is bias-dependent where each level of Vi has a strong influ-
ence on it. This study comprehensively takes into account the depen-
dence of BTI stress on the input vectors and device position that provide
different levels of Vi for each transistor in the gate. Let Py be the
probability that the device is under stress (input logic level “0” for
pFinFET NBTI or “1” for nFinFET PBTI), and Py, ; be the probability that
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Table 2
BTI degradation results after 10-year operation from the proposed model and
conventional model.

Circuit Delay increase (%)
40°C 80°C 120°C
BTI with BTI BTI with BTI BTI with BTI
AVin,Temp without AVin,Temp without AVih, Temp without
AV, Temp AV, Temp AVin,Temp
C1908 1.47 1.43 2.78 2.51 4.73 3.98
C6288 1.48 1.44 2.84 2.56 4.91 4.13
C7552 1.43 1.39 2.66 2.40 4.46 3.75
i7 1.37 1.33 2.53 2.29 4.22 3.54
i8 1.80 1.75 3.54 3.20 6.35 5.33
i9 1.70 1.65 3.27 2.95 5.68 4.77
S5378 1.36 1.32 2.53 2.29 4.26 3.58
$15850 1.25 1.22 2.32 2.10 3.87 3.25
§35932 1.35 1.31 2.46 2.23 4.05 3.41
Average 1.47 1.43 2.77 2.50 4.73 3.97

* Results are compared to BTI-free delay at each operating temperature.

the device is under stress level j corresponding to Vg ;. P ; indicates
that some transistors in the stack may experience weaker stress (| V|
< V4q) even though they have input logic level “0” for pFinFETs or “1”
for nFinFETs. Long-term threshold voltage shift due to BTI in transistor i
with bias level j, considering temperature effect, can be obtained from
the following equation.

#of stress levels .
S,
AV prri = ( g )'AVth,BTI (C, Qinvy)
j=1 stress (1 0)
where
Qinvj = Cox [VgsJ - (Vi + AVth,Temp)] an

BTI stress in FinFET circuits with negative AVy, remp tends to be
strong according to (11). To evaluate delay degradation due to BTI in
conjunct with temperature effect, the summation of AVy, gy, ; and AVy,
Temp, i TEPresents the total change in threshold voltage of each individual
device i or AV, ; in (4), (5), and (6). BTI degradation in the same ex-
perimental circuits as described in the previous section is analyzed in
this simulation. All experimental circuits operate at 2-GHz frequency,
and the delay degradation results are evaluated after 10-year BTI stress.
Table 2 compares BTI-induced delay degradation predicted by the
proposed approach that takes AVy, remp into account and the conven-
tional model where the inversion of temperature effect is neglected. The
increase in long-term delay reported in Table 2 is compared to the
original delay of the circuits at each operating temperature. Each
baseline delay at 40 °C, 80 °C, and 120 °C is computed regardless of BTI
degradation. It can be clearly seen in Table 2 that the performance
degradation due to BTI aging resulted from the proposed approach is
moderately high compared to the estimation from the reference ap-
proach. Since we take AV, remp in BTI evaluation, the negative value of
AV, emp due to the inversion of temperature effect subsequently raises
Qiny, j in (11) leading to large BTI degradation compared to the results
from the reference method. Furthermore, BTI aging delay estimated by
both approaches tends to increase as the baseline temperature in-
creases.

Although the relative BTI stress is higher as the baseline tempera-
ture increases, the inversion of temperature effect is found to be
stronger than the impact of long-term BTI aging. Fig. 5 shows the
normalized delay of the circuit C1908 under BTI and no BTI while the
operating temperature is varied. To investigate BTI aging under tem-
perature variation, all points on the plots in Fig. 5 are normalized with
respect to the original BTI-free delay at the fixed temperature of 25°C
(on the “No BTI” line at 25 °C). We can notice from the “With BTI” line
in Fig. 5 that increased temperature still gives the improvement of
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Fig. 5. Timing performance improvement with temperature for the circuit
C1908 under 10-year BTI stress and without BTI.
*Delay results are normalized with respect to BTI-free results at 25 °C.

timing performance of the circuit even though it has been under BTI
stress for 10 years. The delay for both conditions always decreases
linearly with temperature, but the rate of the decrease in the circuit
under BTI is smaller. Therefore, the difference of the delay between two
traces in Fig. 5 is larger at the higher temperature. At a particular
temperature, the ratio of the gap between the two traces to the value on
“No BTI” line provides the same comparative results as reported in the
first column of each operating temperature in Table 2.

While it has been found in various studies that BTI aging in logic
circuits is not highly sensitive to supply voltage and frequency varia-
tions, our investigation has just revealed that BTI is also slightly af-
fected by temperature variation. Considering BTI stress, all circuits still
have performance improvement at higher temperature. The inversion of
temperature effect in modern VLSI circuits predominately causes the
negative AVy, 7emp as temperature increases that override the positive
AV, gri. However, heat in FInFET designs has been raised in a number
of research studies as one of the major factors of reliability degradation
that must be properly managed. In addition to BTI, the impact of
temperature on soft errors will be discussed in the next section.

4. Temperature effect on soft errors

The analysis framework of this study includes evaluating soft errors
in some large logic circuits under temperature and supply voltage
variation. We firstly review soft error background and thermal impact
on soft error masking probabilities. Then, we discuss the proposed gate-
level simulation methodology to address soft errors in large circuits. We
finally provide the analysis results and some interesting remarks.

4.1. Soft error background

A transient pulse from particle strikes at a single node in a gate or
single event transient (SET) current can be modeled as a double ex-
ponential current given by

Qde —t —t
—p(eﬁ - eﬁ)

-1

I(t) = (12)
where Qg is the amount of charge deposition at the active node and 1,
and 7, are the rise and fall time constants, respectively [22]. We con-
sider the drain of each transistor the active node for the strike. If the
charge collection is higher than the critical charge (Q.), the strike
potentially causes a flip in gate output logic. If this transient pulse is
finally latched into a flip-flop, it brings a miscalculation called a soft
error to the circuit. The rate of which soft errors arise in the circuit or
soft error rate (SER) depends on the rate of SET generation due to
particle strikes and various masking probabilities along propagation
paths. SER for a strike at transistor i in the gate can be expressed by the
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following equation.

SER; = @*Aqctive,i *PseT,i * Prtec,i * Progic,i * PLatch,i (13)

where @ is the particle flux and Agceive, i iS approximately the drain area
of transistor i where the strike happens. The probabilities Psgr, i, Priec, is
Progic, i» and Prqch, ; are the SET generation, electrical, logical, and
latching-window masking probabilities, respectively, corresponding to
the SET that is initially generated and propagated from transistor i. To
perform comparative analysis, the particle flux is considered as a con-
stant.

The SET generation probability for transistor i, Psgr,, is related to
the transistor Q. and the average charge collected at the vulnerable
area as given in (14) below [21, 22].

Papr. = exp (—Q_mJ

n (14

In the above equation, 1 is the charge collection efficacy which is
proportional to the product of the linear energy transfer (LET) for
neutrons hitting silicon and the length of the particle path through the
active area (L.) [39]. LET for silicon at sea level is estimated to 50 fC/
um, and L. extends from 5nm to 50 nm depending strongly on device
geometry [20].

The electrical masking probability, Pg. ;, exhibits the attenuation of
the transient pulse while propagating from transistor i through several
stages of logic gates to latch elements. A SET pulse in small nanometer
designs is hardly attenuated thanks to their low node capacitance,
causing P, to be very high (assumed to be 1 in this study). The logical
masking probability, P, is dependent on the input combinations
and circuit topology where SET propagated from transistor i may be
blocked logically. Both Pgp.; and Ppqg.; are relatively insensitive to
temperature change [24]. Additionally, the latching-window masking
probability, P4, is the probability that the SET from transistor i ar-
rives within setup and hold time window of flip-flops. Ppqch; can be
expressed as

PW = ts-g

by Latch,i = ¢
Clk

(15)
where PW,; is the SET pulsewidth generated at transistor i, tsy is the
setup and hold time window, and tcy is the clock cycle time [24].

4.2. Impact of temperature on SET

The variation of temperature in FinFET designs has a considerable
influence on Q. that exponentially affects Psgr in (14). Interestingly,
Q.rie of a FInFET gate, induced by a neutron strike under temperature
variation, is remarkably different from that of a planar MOSFET gate.
Fig. 6 compares the plots of the neutron strike Q.; at the pull-up node
(pMOS) of a minimum size inverter designed with 14-nm bulk FinFETs
(#of fins of both pFinFET and nFinFET = 1) and 22-nm high-k/metal
gate MOSFETs (W,/W, = 2/1) with an FO4-inverter load and the
supply voltage of 0.8 V. In this situation, the strike with sufficient en-
ergy can turn on the pMOS and flip the output logic level from “low” to
“high”. In general, Q. of FinFET devices in Fig. 6 tends to be larger
than that of planar transistors thanks to their superior electrical in-
tegrity providing higher robustness against the charge deposition from
particle strikes. The results of temperature effect on Q. in Fig. 6 reveal
that Q. of the FinFET inverter increases linearly with temperature,
while the other decreases. These opposite thermal responses of Q.;; of
both designs are predominantly caused by the temperature effect on the
drive current. At high temperature, the stronger drive current of Fin-
FETs due to the inversion of temperature effect can rapidly dissipate the
deposited charge from the strike. Thus, FinFET designs can tolerate
higher strike energy as temperature increases, or in other words, larger
amount of critical charge deposition Q. is required to generate the SET
current. The contrary thermal reaction in planar devices where the
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Fig. 6. Critical charge vs. temperature for a neutron strike at the pull-up node
of an inverter designed with 14-nm bulk tri-gate FIinFET and 22-nm high-k/
metal gate MOSFET technologies.

increased temperature weakens the drive current causes their Q. to
decrease with increasing temperature. According to (14), Psgr and Qi
have a negative exponential relationship. Therefore, Psgr of FinFET
circuits tends to decrease with temperature, whereas Psgr of conven-
tional designs responds oppositely. In addition, because n in (14) is
weakly influenced by temperature variation [40], n is considered in-
sensitive to temperature in this work.

The pulsewidth of the SET current has a strong influence on Py in
(15). Two main factors that vary the SET pulsewidth are energy of the
strike and circuit variation (such as node capacitance, voltage, and
temperature). For a particle strike with higher energy, SET current with
larger pulsewidth can be generated. If we consider temperature varia-
tion, the thermal response in silicon can further either strengthen or
diminish the SET pulsewidth. Fig. 7 compares impacts of charge de-
position and temperature on pulsewidth of the SET appearing at the
output of an inverter designed with the 14-nm bulk tri-gate FinFET
technology (Fig. 7(a)) and 22-nm high k/metal gate planar technology
(Fig. 7(b)). The SET current injection for both designs occurs at the pull-
up device with Qg > Q¢ to ensure the flip-up of the output logic.
The larger amount of charge deposited implies that the strike has higher
energy. In Fig. 7(a) and (b), the larger amount of Qg,, from the strike at
a particular temperature generally provides the wider SET pulsewidth
in both designs. However, as temperature increases, the strike in the
FinFET inverter in Fig. 7(a) generates a narrower SET pulse, whereas
the planar gate in Fig. 7(b) experiences a wider SET pulse. These re-
marks can be explained as follows. At high temperature, the inversion
of temperature effect in the FinFET gate raises the drive current that
delivers fast dissipation of charge deposition and results in the decrease
of SET pulsewidth. On the other hand, since the planar inverter loses its
driving capability with increasing temperature, its poorer dissipation of
charge deposited from the strike causes SET pulsewidth to increase.

In most soft error simulations, wide-range charge injection for
Qaep = Qerir is required to precisely capture the values of the generated
SET pulsewidth for different strike energy. To simplify this, we define
the minimum pulsewidth (PW,y;,) which is the SET pulsewidth at the
threshold condition that the strike has enough energy to exactly gen-
erates Quep = Qcrir- The lowest strike energy that can generate the nar-
rowest SET pulse gives the lower bound of Prg.cp, (Prarchmin) according to
(15). In this study, we use PWyy, to evaluate Ppgnmin for all experi-
mental circuits. Further, the corresponding Prq.cnin for each strike is
used to assess the lower bound of SER. Fig. 8 plots PWyy;, and tem-
perature in the same inverter designed with FinFET technology
(Fig. 8(a)) and planar technology (Fig. 8(b)). Unlike the simulation
shown in Fig. 7 where the thermal impact of Q. is neglected (in Fig. 7,
we always kept injected Qqe, larger than Q.. at each temperature
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Fig. 7. SET pulsewidth vs. temperature in an inverter with different charge deposition for (a) 14-nm bulk tri-gate FinFET technology and (b) 22-nm high-k/metal gate

MOSFET technology.

point), the amount of injected Qg to obtain PW), in Fig. 8 is set to be
equal to the corresponding Q. at each temperature point. Interest-
ingly, it can be noticed from Fig. 8 that PW,y;, in both designs increases
with temperature. At high temperature, FinFET designs show better
ability to withstand high-energy particle strikes with increasing Q. or
decreasing Psgr. The higher strike energy greatly contributes to the
extension of PWyy, in FinFET circuits. Since the threshold strike energy
is very low for planar designs, circuit variation plays a more significant
role in defining PWy;,. The weaker drive current at higher temperature
in conventional designs shows poor resistance to even small amount of
charge deposition. For this reason, although Q. of planar designs de-
creases as temperature increases, PWyy;, of the SET current goes wider.
This moderate influence of temperature on PW,y;, as illustrated in Fig. 8
is one of the important factors that contributes to the overall thermal
impaCt on PLatch,min-

Setup and hold time window (ts ;) of a flip-flop is another factor of
Py that depends on temperature. Since tg is essentially the propa-
gation delay of a logic path inside the latch, the change in ts; over
temperature follows the response of delay to temperature as discussed
in Section 2. Fig. 9 shows the plots of ts;; and temperature for a D flip-
flop designed with the same FinFET technology (Fig. 9(a)) and planar
MOSFET technology (Fig. 9(b)). As temperature increases, tsy of the
FinFET flip-flop decreases due to the inversion of temperature effect,
whereas ts y of the conventional design increases. To see the thermal
dependence of Py gchumin Of the FInFET and planar inverters operating at
a particular frequency, the relationship between the term PWyy, — ts— g
in (15) and temperature is plotted in Fig. 10. According to (15), if the
operating frequency does not change, Prgchnin and PWyy, — ts—p are
directly proportional. We can imply from Fig. 10 that Pygcpnin 0f both
designs increases linearly with temperature. For these two nanoscale
technologies, ts.; is relatively insignificant compared to PWyy;,. Thus,
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Pracchmin Of both designs strongly relies on PWyy;,. In addition, frequency
and Py also have a proportional relationship. We will discuss the
impact of frequency variation on soft errors later in Section 4.4.

In conclusion, two of the soft error masking probabilities that are
affected by temperature variation in modern designs are Psgr and Py gch.
The profiles of Psgr and Prgchanin Under the temperature effect for all
library gates can be obtained by extensive device-level SPICE simula-
tion. The simulation results show the exponential decrease of Pggr of all
gates as a results of the inversion of temperature effect that raises Q.;
at high temperature. Additionally, Py nvin Of all gates tends to increase
slightly as temperature increases, mainly due to the increase in PWyy;,
with higher strike energy. It is interesting that the temperature effect
provides better soft error tolerance for all gates at high temperature.
These two temperature-dependent masking probabilities are conse-
quently taken in soft error evaluation for large logic circuits as will be
discussed in the following subsections.

4.3. Impact of supply voltage on SET

Since Pgpr and Py correlate strongly with driving capability of the
device, varying supply voltage that has a significant impact on the drive
current affects prominently the change in these masking probabilities.
The increase in the drive current of FinFETs with increasing supply
voltage and rising temperature causes Q. to increase as evidenced by
Fig. 11. Fig. 11 illustrates the relationship between neutron-induced
Q. and supply voltage of the 14-nm FinFET inverter for different
temperatures and strike positions. Q. and supply voltage plots for the
strike at the pull-down nFinFET and pull-up pFinFET of the inverter are
given in Fig. 11(a) and Fig. 11(b), respectively. We can notice in these
figures that the increase in Q. from increased supply voltage is very
large, while the higher temperature provides an additionally moderate
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Fig. 8. PW,,;;,vs. temperature in an inverter designed with (a) 14-nm bulk tri-gate FinFET technology and (b) 22-nm high-k/metal gate MOSFET technology.
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Fig. 9. Setup and hold time window vs. temperature of a D flip-flop for (a) 14-nm bulk tri-gate FinFET technology and (b) 22-nm high-k/metal gate MOSFET

technology.

increase in Qi

Qi under temperature and supply voltage variations also varies
PWpn that is a major factor of Pygechanin- Fig. 12(a) and Fig. 12(b) show
the plots of PW,;, — ts.;y and supply voltage of the inverter operating at
different temperatures for the strike at the pull-down and pull-up
transistors, respectively. At high supply voltage, the term PW,;, — ts.y
that represents Pr.nvin P€T Unit frequency is seen to increase with in-
creasing supply voltage and rising temperature for both strike situa-
tions. However, we may see an increase of Pyg.cnanin in Some gates/cir-
cuits working at near-threshold voltage and low temperature because
very weak drive current provides poor pulsewidth suppression. On the
other hand, frequency is another important factor that has a directly
proportional relationship with Ppgecnnmn. If frequency variation is taken
into account, the profile of PW,,;, — tsy for the gate in Fig. 12 will be
scaled by the operating frequency. The overall soft error rate of the
circuit is also directly proportional to frequency.

The profiles of Q.;; and PW,,;,, — ts g for all other library gates under
supply voltage and temperature variations (similar to Fig. 11 and
Fig. 12) can be obtained from device-level simulation.

4.4. Temperature dependence of soft errors in logic circuits under supply
voltage variation

This part of our work investigates the temperature dependence of
soft errors, while supply voltage is varied. To begin with, as SET gen-
eration is highly dependent on the circuit input, the proposed soft error
simulation adheres strictly to this property. Considering SER for a strike
at transistor i or SER; in (13), SER for any strike inside gate k (SERy) can
be obtained by summing each SER; corresponding to a strike at tran-
sistor i in gate k. To deal with the input dependence of soft errors, we
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slightly modify (13) by adding the input probability (Pppu) to weight
the ability to generate SET for different input vectors. The lower bound
of SER for a strike inside gate k (SERpin k) can be obtained as follows.

SERyginje = ©*Progic® 9, | Aactivesik* s [Ponputske *PSET.ik *Pratchnsingijik]
i J

(16)

where Py« is the logical masking probability that the SET pulse from
gate k can reach the input of a latch element. Py« is the probability
that gate k has an input j. Psgrjx and Prachmin,ijk are the SET gen-
eration and minimum latching-window masking probabilities, respec-
tively. Note that SERpnx is resulted from SER for a strike at each
transistor i, for each input j. We assume that the electrical masking
probability is always 1 for all strikes. The thermal profiles of Q.
PWysin, and tg g of the library gates and D flip-flop that define Psgr,;jx
and Ppachmin,ijx can be exhaustively evaluated by HSPICE with the SET
current model in (12). For some parallel devices sharing the same cir-
cuit node, the parallel network is considered equivalent to one tran-
sistor i with Ageve; that covers all drain fins of those parallel devices.

Considering the input dependence of the generation of SET, any
transistor in a gate is considered sensitive to the particle strike if the
following conditions are satisfied. First, the sensitive device must have
already turned off before the strike forces it to turn on and second, path
of either parallel or series network to the gate output must be sensitized
just after the strike to send the flip to the gate output. Fig. 13 illustrates
all possible particle strikes and their equivalent SET current sources
injecting into circuit nodes in a 2-input NAND designed with two 1-fin
PFinFETs in parallel (P1 and P2) and two 2-fin nFinFETs (N1 and N2) in
series. The parallel pull-up network of the 2-input NAND is sensitive to
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Fig. 10. (PWy,in — ts_p) vs. temperature of an inverter with D flip-flop for (a) 14-nm bulk tri-gate FinFET technology and (b) 22-nm high-k/metal gate MOSFET

technology.
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Fig. 13. All possible particle strikes and their equivalent SET current sources
injecting into two circuit nodes in a 2-input NAND.

Table 3
Qcrir and PW,;,, for a particle strike at each device for all input combinations of a
two-input NAND operating at 40 °C.

Input P1, P2 N1 N2
(x1x2)
Qcrie PWhiin Qcrie PWin Qcrie PWhriin
(9] (ps) (([0)] (ps) (fQ) (ps)
00 NS NS NS NS NS NS
01 NS NS 21.46 93.72 NS NS
10 NS NS NS NS 21.40 93.90
11 29.50 104.95 NS NS NS NS

* NS = not sensitive.

268

the particle strike when both P1 and P2 are off (“x1x2” = “11”), and we
inject the SET current into circuit nodel to upset each of them. In this
situation, the active area for the strike covers the area of two drain fins
from P1 and P2. On the other hand, if we inject the SET current into
circuit nodel with opposite direction to perform a strike at N1, tran-
sistor N2 must have turned on to enable the path to the ground
(“x1x2” = “01”) and the active area is now the area of two drain fins of
N1. In the series network, N2 is considered sensitive when N1 is on
(“x1x2” = “10”) and we can simulate the strike at N2 by injecting the
SET current into circuit node2. For any input vector that turns on all
parallel devices (all 0s for NANDs and all 1s for NORs), none of the
devices is sensitive to the strike, causing very large Q. or small Pggr.
Table 3 contains Q.;; and PWy;, for all transistors in the 2-input NAND
in Fig. 13 operating at 40 °C. For most CMOS gates, Q. of transistors in
the series network is generally low compared to Q. of parallel tran-
sistors, but gate input vectors and active area also strongly impact the
gate/circuit SER. The overall SERyy;, of a circuit can be achieved by
summing SERy;n,« for each gate k in the circuit.

As we focus on addressing soft errors under temperature effect and
supply voltage variation, comparative results of SERy;,,x with respect to
the reference level are considered to simplify the simulation and ana-
lysis methodology. This allows us to exclude the particle flux, fre-
quency, and logical masking probability, which are assumed in-
dependent of temperature and supply voltage, from soft error
evaluation. The normalized SERpin x (ﬁMm,k) of gate k operating at a
particular temperature T and supply voltage V44 with respect to SERpin i
at the reference temperature T, and supply voltage V., is defined as
follows.
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SERin k (T, Via)
SERMin ke (Tref » Vief)

> [Aactive,i,k o 2% [Pinput e * P (T, Vaa) * Prawchmini e (T Vdd)]]

SERwink =

2 [Aacn'ue,i,k . ZJ- (Prnput.j.k *Pser ik (Tref, Vieg ) * Praschingijk (Trop, )] ]

a7)

A key metric we use to evaluate thermal response of soft errors in
the experimental circuits is the average of SERy;, of all gates in the

circuit. This average of the normalized minimum gate SER of a circuit
denoted as (SERGasemin) is given below.

—_— SERin k
(SER gatenin) = —————
total number of gates (18)

We evaluate (ﬁcmemn) for each selected circuit from ISCAS-85/89
and MCNC benchmark suites. All experimental circuits are designed
with 14-nm bulk tri-gate FinFET predictive technology from [33]. Our
cell library for technology mapping includes the inverter, 2-, 3-, and 4-
input NAND/NOR gates, and D flip-flop. Each primary output of the
logic circuit is connected to a flip-flop. Py, for each gate is obtained
from logic simulation with the equally weighted logic applied to each
primary input of the circuit, and other related device-level parameters
(e.8., Qcrity PWpin, and ts ) are identified using HSPICE. All circuits are
assessed under supply voltage and temperature variations with
LET = 50 nC/pum, and L. = 50 nm.

Table 4 contains (fS‘_ET{GawMM) of the experimental logic circuits op-
erating at different supply voltages of 0.4V, 0.6V, and 0.8V and tem-
peratures of 0°C, 40 °C, 80 °C, and 120 °C. The reference temperature
and supply voltage for this simulation are set to T.;= 0°C and
Vrer = 0.4V, respectively. As supply voltage increases, we can see that
all (ﬁGa[eMm) results drop dramatically. On average, (ﬁaawmn) re-
sults at 0°C for the supply voltages of 0.6V and 0.8V fall from the
reference level (100% at 0 °C and 0.4 V) to as low as 3.7% and 0.08%,
respectively. Furthermore, the increase in temperature additionally
provides a moderate reduction in soft errors for all circuits. When
temperature increases from 0 °C to 40 °C, 80 °C, and 120 °C, the circuits
with the same level of supply voltage experience further decrease in
(.’S-EIJ?GateMm) down to roughly 70%, 50%, and 30% of the average result
at 0°C, respectively. The decrease in soft error rate with increasing
supply voltage and temperature as reported in Table 4 is mainly in-
fluenced by the decrease of Pggr. As evident by Fig. 6 in Section 4.2 and
Fig. 11 in Section 4.3, the impact of supply voltage is found to be strong
compared to the temperature effect providing a large rise in Q. and a
sharp drop in Pggr. Because the impacts of supply voltage and tem-
perature on Pjgcnpin are small, soft error immunity is strongly depen-
dent on the change of Pspr. In addition, frequency is one of the key
circuit parameters that greatly affect soft errors. Due to the fact that
frequency and soft error rate have a directly proportional relationship,

Table 4
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if we consider the change in operating frequency (f) from the reference
level (f.p), all results in Table 4 will be scaled by the factor of f/f..s.

While some major reliability-related mechanisms, such as electro-
migration, oxide breakdown, and device variability degradation are
worsened by increased temperature, our investigation raises awareness
about soft error reliability that improves at high temperature. Due to
heat issues in 3-D technology, promising thermal management techni-
ques are mandatory to control the chip temperature in most processors.
It is suggested that the importance of temperature optimization be
considered well in future designs where the thermal responses of key
performance- and reliability-related mechanisms are somewhat diverse.
This investigation provides a potential future direction of improving
thermal management considering the impact of temperature and supply
voltage on BTI and soft errors. The correlations of electrical power and
temperature highly rely on heat dissipation to the ambience which is
characterized by material, dimension, and ambient temperature of the
die. In addition, the MOL and BEOL also play important roles in thermal
performance and reliability of the chip. In this study, all die tempera-
tures were set independently regardless of considering the aforemen-
tioned heat transfer parameters. However, whenever those thermal
factors are fully achieved, the die temperature can be derived earlier
from power/thermal characteristics of the chip. The proposed metho-
dology for evaluating thermal impacts on BTI and soft errors under
circuit parameter variations can well be used for any arbitrary tem-
perature.

5. Conclusion

This study investigates the impact of temperature on BTI and soft
errors in modern digital circuits. The inversion of temperature effect,
which strengthens the drive current of FinFET designs at high tem-
perature, is found to have a significant influence on circuit perfor-
mance. We model the temperature effect as a source of threshold vol-
tage variation which is consequently taken in simulation and analysis of
BTI degradation in large logic circuits. Under 10-year BTI stress, the
delay results of the experimental circuits (in Table 2) from the proposed
estimation where the temperature effect is considered are slightly more
pessimistic than that from the conventional approach. Although the
results of BTI aging delay of all circuits worsen at high temperature, the
domination of temperature-induced performance improvement to BTI
degradation causes all experimental circuits to run faster at higher
operating temperature. We also evaluate the impact of temperature and
supply voltage on logic soft errors. The results in Table 4 show that soft
error rate drops significantly as supply voltage and temperature in-
crease. The decrease in soft error rate is mainly influenced by the in-
crease of critical charge. On average, the results of the relative soft error
rate at 0 °C for the supply voltages of 0.6 V and 0.8 V decrease to as low
as 3.7% and 0.08% of the average result at 0.4 V, respectively. When

The average of the normalized minimum gate SER under supply voltage and temperature variations with T,.s = 0 °C and V,,s = 0.4 V.

Circuit (SERGatemin) X 100

Vg = 0.4V Vaa = 0.6V Vaa = 0.8V

0°C 40°C 80°C 120°C 0°C 40°C 80°C 120°C 0°C 40°C 80°C 120°C
C1908 100 71.66 51.67 37.93 3.756 2.451 1.649 1.186 0.0815 0.0492 0.0327 0.0243
C6288 72.60 52.59 39.58 3.130 2.122 1.488 1.118 0.0558 0.0356 0.0252 0.0201
C7552 71.91 51.85 38.32 3.983 2.607 1.746 1.244 0.0890 0.0534 0.0352 0.0259
i7 71.25 51.02 37.47 3.634 2.374 1.603 1.148 0.0775 0.0468 0.0312 0.0232
i8 71.36 51.40 37.68 3.524 2.301 1.561 1.128 0.0740 0.0450 0.0300 0.0224
i9 71.54 51.55 38.01 3.528 2.324 1.579 1.143 0.0728 0.0445 0.0299 0.0225
S5378 72.92 53.23 40.08 3.854 2.579 1.742 1.261 0.0823 0.0499 0.0335 0.0252
S15850 72.34 52.40 39.01 4.080 2.688 1.798 1.282 0.0913 0.0548 0.0362 0.0267
$35932 71.66 51.65 37.88 3.995 2.598 1.734 1.236 0.0898 0.0539 0.0355 0.0260
Average 100 71.92 51.93 38.44 3.720 2.449 1.656 1.194 0.0793 0.0481 0.0322 0.0240
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temperature varies from 0 °C to 40 °C, 80 °C, and 120 °C, the circuits
experience further decrease in the relative soft error rate down to
roughly 70%, 50%, and 30% of the average result at 0 °C, respectively.
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