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ABSTRACT

We build a modelling and simulation flow to study how the front-end wearout mechanisms affect the FInFET SRAM soft error rate. This flow incorporates process
variation, such as device dimensions, and degradation parameters. We first checked the impact of process parameters on critical charge and soft error rate. It is found
that a larger gate length and higher temperature help us obtain better reliability for a FinFET SRAM cell under radiation, with a higher Q.;; and lower SER. Then, the
time-dependent shift of Q.. and SER is displayed. Within its range between 0% and 50%, a lower duty ratio leads to worse reliability due to soft errors. Moreover, a

higher transition rate causes worse reliability.

1. Introduction

Radiation effects are an important issue for electronic circuits fab-
ricated with advanced technologies, like FinFETs. These effects exist in
harsh radiation environments, such as in space, in the sea, and in the
space close to packaging and soldering materials, which contain
radioactive contaminants. When circuits are operating in an environ-
ment with high energy particles, such as Alpha particles and neutrons,
the particles' energy is transferred to the circuit by generating electrical
charges and by causing transient currents. If the amplitude of transient
currents is high enough, a circuit's node content is flipped easily. This
phenomenon is known as a soft error. Although this interruption doesn't
cause hard (permanent) breakdown, it could lead to the malfunction of
an electronic system.

SRAMs occupy a majority of the area of a System on Chip (SoC).
They are the main source of the SoC soft error rate (SER). FinFET
SRAMs are suitable for many applications because of their low leakage
and high density [1-5]. However, the reliability of FInFET SRAMs in the
presence of soft errors should be taken seriously.

Accurate modelling and optimization for Alpha-SER in a deep-
nanometer 6 T SRAM cell is performed with an experimental approach
in [6]. [7] explored the soft-error performance evaluation of emerging
low power devices, such as III-V FinFETs. [8] compared the SER of
different SRAM cells (high-density and high-performance) when they
are irradiated by alpha particles, thermal neutrons, and high-energy
neutrons, respectively. It is found that a high-power cell is more sen-
sitive to a single event upset (SEU) than a high-density cell [8]. [9,10]
have studied how device dimensions and the technology node impact
FinFET SRAM cells' SER. It is concluded that a higher Fin height de-
grades the radiation robustness of the SRAM cell, while improving the
static noise margin (SNM). Moreover, the SER is improved by more than
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40% as the technology node scales from 20 nm to 7 nm.

In this study, we determine how front-end wearout mechanisms
impact FinFET SRAM SER, while considering time-dependent de-
gradation and process parameter variations, such as gate length varia-
tion. The FinFET SRAM cell is stressed and degraded by Bias
Temperature Instability (BTI), Hot Carrier Injection (HCI), and Random
Telegraph Noise (RTN) [11-15]. The stress of a cell, which is a function
of its activity (duty ratio and transition rate), is included in the analysis.
The modelling methodology for SER is adopted from [6,7]. Since the
stimulus particles considered in this study are at a relatively low energy
level, we only consider single-bit upset (SBU), and don't need to model
multiple-cell upset (MCU) [16].

The structure of this paper is as follows. Section 2 describes the
modelling methodology and the wearout mechanisms in a 6-T SRAM
cell. Section 3 presents the simulation results and analysis for the im-
pact of various factors, including process parameters, stress time, and
cell activity. Section 4 concludes this paper.

2. Modelling methodology and the wearout mechanisms of a
FinFET SRAM cell

2.1. Modelling methodology

The SBU and SER of FinFET SRAM cells can be evaluated through
simulations with TACD tools and fast-SPICE. In TCAD simulations, the
3-D structure of a FinFET SRAM cell is constructed with Sentaurus
Structure Editor (SDE) [17]. Then the Sentaurus Device Tool is applied
to simulate the transient response of the SRAM cell due to the strike of
heavy ions. The radiation settings, such as ion range depth and the
profile lateral radius, are adjusted to match the case to be studied. The
calculations are implemented with numerical simulations.

E-mail addresses: rzhang348@gatech.edu (R. Zhang), linda.milor@ece.gatech.edu (L. Milor).

https://doi.org/10.1016/j.microrel.2019.113487

Received 16 May 2019; Received in revised form 4 July 2019; Accepted 1 August 2019

Available online 23 September 2019
0026-2714/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00262714
https://www.elsevier.com/locate/microrel
https://doi.org/10.1016/j.microrel.2019.113487
https://doi.org/10.1016/j.microrel.2019.113487
mailto:rzhang348@gatech.edu
mailto:linda.milor@ece.gatech.edu
https://doi.org/10.1016/j.microrel.2019.113487
http://crossmark.crossref.org/dialog/?doi=10.1016/j.microrel.2019.113487&domain=pdf

R. Zhang, et al.

TCAD tools can ensure high accuracy by emulating the physical
process in semiconductor devices under radiation, at the cost of sub-
stantial computational cost. Due to the computational requirements of
TCAD tools, we have adopted SPICE simulations for SER evaluation,
which provide a faster speed. Although the SPICE simulation result
can't provide a 100% match with the TCAD output, it enables us to
study the impact of front-end wearout mechanisms on the FinFET
SRAM soft error rate to extract a correct trend. In SPICE simulations,
the effect of particles is incorporated with a current model. Several
current models (Double Exponential model, Diffusion model, Roche
model, and Freeman model) have been proposed to characterize the
critical charge [18-22]. We use the Double Exponential model as fol-
lows

I(t) =

- < - (evi-e4) W

where Q is the amount of charge collected by a cell, which varies with
radiation intensity. 7; and 7, are rise and fall timing constants, re-
spectively. 7; and 7, are set to 2ps and 20 ps to match the current
waveform used for soft error evaluation of advanced devices.

To calculate the SER of an SRAM cell under specific configurations,
the critical charge (Q.) needs to be determined with a Trial-and-Error
technique. Q. is defined as the minimum Q with which the current
pulse can flip the stored data of an SRAM cell. We swept Q from 0 to
5 fC to obtain the Q. when the state flips. The most efficient charge
collection region exists in the vicinity of the reverse-biased junctions
(off-nFET) in an SRAM cell.

Fig. 1 shows the 6 T SRAM cell with the off-nFET strike model. The
data stored in this cell is 1. If the data is 0, the off-nFET strike model is
assigned to the node QB. Since the SRAM cell can store either 1 or 0, we
simulated the Q. for both cases and then adopted the smaller one as
the final critical charge.

The probability of a bit upset also depends on charge collection
efficiency which is [7]

7 = LET*Tg, 2)

where LET is the linear energy transfer value, and Tp, is the thickness of
a fin. Although there is a higher LET for extreme radiation conditions,
since this paper focuses on the impact of front-end wearout mechanisms
on FinFET SRAM SER, we adopt a medium LET of 150 fC/um at ground
level for the general neutron impact [7].

Finally, the probability of a bit failure under FinFET technology is
[7-9]
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Fig. 1. 6 T SRAM cell with the off-nFET strike model (current source) and de-
gradation parameters marked.
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where k is the particle flux, and Ay is the sensitive diffusion area.

2.2. Wearout mechanisms in a FinFET SRAM cell

Our work considers Bias Temperature Instability (BTI), Hot Carrier
Injection (HCI), and Random Telegraph Noise (RTN). In our simula-
tions, only pFET BTI (NBTI) is included [23,24]. The effect of HCI is
considered for both pFET and nFET devices, while the HCI in pFETs is
set as three times larger than that in nFETs for the same stress condi-
tions [25]. Finally, RTN exists in both pFETs and nFETs.

Our models begin by considering the impact of wearout on interface
traps (AN;p) and the pre-existing (ANyt) and generated (ANg7) traps in
the bulk, and then converts these trap densities into shifts in device
parameters.

NBTI is modeled with three uncorrelated parts, which are interface
traps (ANrr) and the pre-existing (ANyt) and generated (ANot) traps in
the bulk [26]. These parameters shift as a function of time under stress
and recovery. For NBTI, the time range and the ratios of stress and
recovery are quite important for suitable prediction of degradation.
There is a complete solution of stress and recovery for each stress and
recovery time period, and a simplified solution for long time DC stress
[27]. Considering the wide range of time in this work, we combine the
long-term DC stress model with a duty factor equation to calculate the
overall NBTI degradation. Specifically, we adopt a simplified expression
of the recovery fraction in [27] due to the lack of experimental data for
the impact of frequency, temperature, and stress voltage. With this
method, we incorporate the effect of stress and recovery cycles using
the duty ratio (DR).

HCI occurs when there are highly energized (hot) carriers that can
flow from drain to source. In an SRAM cell structure, HCI happens when
a transistor is on and is conducting current. Therefore, for the inverter
structure studied here, HCI happens when the stored data is being
flipped. Therefore, HCI in an SRAM cell is decided by the transition rate
(TR) of the data stored. The interface trap degradation due to HCI
during the time under stress varies with a FinFETs' dimensions, stress
voltage, and temperature [28,29]. HCI is modeled with a shift in in-
terface charge (AN;y). This shift is not recoverable [30]. The equivalent
time gap is applied to simulate the transition of each data flip in an
SRAM cell.

For an inverter, HCI happens when there is state transition for the
input and output (if the input transits from GND to VDD, the output
transits from VDD to GND). During transition, the stress voltages at the
gate and the drain are not constant. Thus HCI degradation can't be
directly calculated with the analytical equation in Fig. 2. An equivalent
time gap under the stress condition of Vgg = VDD and Vpg = VDD

e N
/ NBTI Model x HCI Model
_Egr 1 b
ANy = A(Vg — Vyo — AVp)'Te o ANjp = Dt"(1/L,) exp(cqVgg) *
2 Espn2 exp (_CZ (Vas — Vgs)) exp(Equci/kT)
Ear = 3 (Baks = Ear) + 3 >
N
E,
ANyr = B(Vg — Vg — AV e~ &1 i, & q(AN;r + ANyr + ANor) e
T C
t\Por ox
ANgr = c(1 _ el )) ot = (1 P )sz
b
T _Dom _ e 100mV L
n = nV¢—Vro— AVy)Pore TFor
1 / RTN Model _ A
rD) = —————— =F+ In(——)
1 Bor Hin@ang) WerrLers
\ 1+ Bpr (ﬁ - 1) / Ol naN ) e
_ 6@ +Vro) [ HCy
( ) - m
AVr = QAN + ANy + ANor)/Co \___ mwrwkoT laWepsLes)™])
Hefr = Megfimi/ (1 + a1AV ) ac ANt L ANt
gd = PotP18Nr + P2l + p3ANyr
\ACE,, extracted from TCAD simulatioz P4ANirLy + PsLy® + PeAN i + p7ANr* Ly + pgNirLy)

Fig. 2. The analytical expressions for the models of NBTI, HCI, and RTN
[26-32].
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during each transition is calibrated to simulate the HCI degradation.
The overall stress time for HCI is the product of the equivalent time gap,
transition rate, and the total stress time.

RTN is affected by device dimensions, temperature, and the inter-
face charge density [31,32]. RTN introduces additional variation in the
interface trap density (AN;r). However, since the fluctuation is tem-
porary, it doesn't affect the accumulated ANy induced by either NBTI or
HCI. ANy induced by RTN is modeled as a lognormal distribution. The
mean and standard deviation of the ANj; distribution from RTN is
added to the Normal distribution of AN;r due to NBTI and HCI.

NBTI and HCI bring about the shift of charge density in transistors
which further leads to the shift of threshold voltage, carrier mobility,
subthreshold slope (SS), and the gate-drain capacitance [33]. It is ver-
ified in [33] that performance evaluation considering solely the impact
on V7 results in over optimistic conclusions. To obtain convincing and
persuasive results, it is necessary to include the impact on all device
parameters.

Random process parameters cause time-zero variability in the
threshold voltage. The overall shift of the threshold voltage due to NBTI
and HCI is modeled as a normal distribution [34] and is added to the
time-zero variability in the threshold voltage. The threshold voltage
shift caused by RTN is obtained from a lognormal distribution. The
overall threshold voltage shift distribution is the sum of the normal
distribution and the lognormal distribution.

The other device parameters are taken as functions of the trap
density shift due to NBTI and HCI. The relationship between the in-
terface trap density and the effective carrier mobility is described with a
linear equation. The deviation of the gate-drain capacitance due to
wearout is extracted with TCAD simulation and fit with an empirical
equation. We have checked that the SS of the devices in the library that
we used has a negligible sensitivity to wearout mechanisms. Therefore,
SS is not included in our simulations.

As shown in Fig. 1, NBTI affects AVy,1, Aupy, ACgq p1, AVp2, Allpa, and
AGCgq po. HCI affects AV, Ap, and ACgq of each FET. RTN affects AV of
each FET.

The analytical expressions for the NBTI, HCI, and RTN models are
listed in Fig. 2. The NBTI and HCI models are calibrated with the as-
sumptions that AVt pc mean is 100 mV after 10 years DC stress. The trap
density shifts due to NBTI and HCI are calculated through the expres-
sions in Fig. 2 by taking into account the specific stress conditions of
each transistor in the SRAM cell, such as the stress voltage, circuit
temperature, the cell's duty cycle and the cell's transition rate.

3. Simulation results and analysis

First, the impact of parameters, such as gate length (Lg) and tem-
perature (Temp), on SER is discussed. The device degradation is con-
sidered as the first step. Then, the impact of wearout mechanisms and
activity on SER is analyzed. Second, the effects of duty cycle and
transition rate on the shift of the Q. and SER distributions are dis-
cussed.

3.1. Impact of parameters on SER

Before considering device degradation, we checked gate length and
temperature affect Q..;; and SER. We consider the case where the gate
length varies from 14nm to 18nm with a step size of 1nm. The
threshold voltage of each device is an independent Gaussian distribu-
tion with a mean of zero and a standard variation of 5% of the nominal
value of the threshold voltage. The devices' carrier mobility and gate-
drain capacitance vary accordingly as described in Fig. 2. The tem-
perature is assumed to be a constant of 345 K.

Fig. 3 shows that a larger gate length results in a larger Q. and
lower SER distributions which means that the FinFET SRAM has an
obviously better resistance to radiation. This is because a larger gate
length improves the device's capability to resist a content flip. Because
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Fig. 3. The impact of gate length on Q.. and SER.

of the existence of various variations, Q. and SER are distributions for
each specific gate length. The impact of gate length on absolute value of
SER is not very large, as shown in Fig. 3. It is because the expression for
SER described by Eq. (3) incorporates the deviation of critical charge as
an exponential function of — Q.+/n, and n is adopted as 150 fC/um for a
serious radiation environment. If the circuits are radiated in a mild
environment (for example n = 50 fC/pum), the impact on SER will be
more obvious. If we see the impact of gate length on Q. in Fig. 3, the
result indicates a larger impact. When the temperature varies from
66 °C to 74°C, the gate length variation of each device is set as a
Gaussian distribution with a mean of 16 nm and a standard variation of
5% of the nominal value.

The impact of other parameters, such as fin height on SER, is in-
vestigated in [9]. It is concluded that increases in the fin height of
FinFET transistors degrades the radiation robustness of the SRAM cell,
and at the same time the Static Noise Margin of the SRAM cell gets
worse. This means the optimum device dimensions depend on the
SRAM applications. Here, we studied the impact of gate length on SER
as an example. We can also study the impact of other dimension
parameters, such as fin height and width, with the same modelling
methodology. Since the impact of fin height on SER has been studied in
the [9] and the fin width is considered as a constant for FinFET tech-
nology, the related simulations are not incorporated here.

As shown in Fig. 4, higher temperature also leads to better relia-
bility in the presence of soft errors. It should be noted that this con-
clusion is obtained based on the assumption that the temperature de-
pendent charge collection efficiency is neglected. When the
temperature dependent charge collection efficiency is included, SER
could increase or decrease with temperature [35]. Currently, since
there isn't an analytical expression for the temperature dependent
charge collection efficiency, this phenomenon is not considered in our
study. It can be incorporated easily when the temperature dependence
is available.

3.2. Impact of wearout mechanisms and activity on SER

In this part, the temperature is constant at 345K, and the gate
length variation of each device is set as a Gaussian distribution with a
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Fig. 4. The impact of temperature on Q.;; and SER.
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Fig. 5. The time-dependent shift of Q..;; and SER. The duty ratio is adopted as
30%, and transition rate is set with 20 time/ys.

mean of 16 nm and a standard variation of 5% of the nominal value.
The other device parameters related to degradation are assigned as
discussed in Section 2.

Fig. 5 shows the time-dependent shift of the Q. and SER dis-
tributions. The duty cycle ratio (DR) is adopted as 30%, and the tran-
sition rate is set as 20 transitions/ps. As time evolves, Q. gets smaller,
SER gets higher, and circuit reliability degrades. Since the standard
deviation of variations due to NBTI, HCI, and RTN increases with stress
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Fig. 6. The wearout mechanism-dependent shift of Q.. and SER after a stress
time of 10 years. The duty ratio is adopted as 10%, and transition rate is set as
20 transitions/ps.
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Fig. 7. The impact of duty cycle on Q.;; and SER. The transition rate is set with
20 transactions/ps.

time, the range of the Q. and SER distributions becomes wider and the
distribution becomes more non-normal than when the devices are fresh.

Fig. 6 shows the impact of wearout mechanisms on Q. and SER,
after a stress time of 10 years. It is found that BTI is more important
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Fig. 8. The impact of transition rate on Q. and SER. The duty ratio is set as
30%.

than HCI for Q. and SER. The reason is that BTI causes more trap
density accumulation than HCI in the specific case here. Meanwhile,
since RTN is affiliated with the occurrence of BTI and HCI, its impact is
not plotted separately. RTN introduces a long tail on the distribution of
Q.rir and SER. It's necessary to take all of these wearout mechanisms into
consideration simultaneously for SER modelling.

Figs. 7 and 8 show the impact of duty cycle (DR) and transition rate
on Q. and SER, after a stress time of 10 years. The DR effect is sym-
metric between 0% and 100% with a centre of 50%. Thus we only show
the impact of DR for half of its range. It is found that within the range
between 0% and 50%, a lower DR leads to worse reliability, which is
because a higher DR in this range relates to more NBTI recovery. The
gradient of Q. and SER with respect to DR is greater when DR is closer
to 0%. A higher transition rate (TR) causes worse reliability, which is
intuitively explained because more transitions result in more device
degradation due to HCI. Variation due to TR is smaller than variation
due to DR, because has a greater impact on cell performance than HCI.

In this paper, we have studied the impact of front-end wearout
mechanisms on FinFET SRAM cells' soft error rate. It has various po-
tential applications for the design of reliable SRAM. For example, we
can first model the overall SER of SRAM cache from the SER of each
cell, given a distribution of duty cycle and transition rate among cells,
defined by the application. We could study how different cache con-
figurations impact its performance (such as hit rates) and SER. Based on
a comprehensive analysis of performance and SER, we could optimize
the cache design for a target environment. Moreover, we can study how
error correcting codes (ECCs) impact SRAM SER, and then find a sui-
table type of ECC for a SRAM with specific target on SER.

4. Conclusion

The impact of process and wearout parameters on critical charge
and soft error rate is studied for FinFET SRAM cells while considering
various causes of variation. It is found that a larger gate length and
higher temperature results in better resistance to radiation. The time-
dependent Q.. and SER of cells under specific stress conditions are
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displayed. Within its range between 0% and 50%, a lower DR leads to
worse reliability, and a higher TR also causes worse reliability.
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