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Abstract—Radiation-induced soft errors have become one of
the most important reliability concerns in the nanometer regime.
In this paper, we analyze two alternatives to improve FinFET-
based SRAM cell hardening. One is related to increasing the
number of fins of the transistors composing the cross-coupled
inverters. This option provides a significant increase of the
cell critical charge (Q...:), but with a cost in area. The other
alternative increases the transistors fin height. Results show that
a similar Q.- gain is achieved by increasing the fin height
instead of the number of fins without area overhead. The impact
of process variations has been considered. ).,;: distribution has
been modeled through an statistical approach based on Design
of Experiments. Results are presented for a 10nm-SOI Trigate
FinFET technology.

I. INTRODUCTION

Traditional CMOS scaling beyond the 22nm technology
node is severely constrained by short channel effects, and
process variations due to Random Dopant Fluctuations (RDF).
Hence, FinFET technology projects as the most promising
candidate to continue CMOS scaling. FinFET devices have
a stronger electrostatic control over the channel due to the
gate wraps around a thin slice of silicon, that is known as fin.
This results in improved short channel behavior. In addition,
high channel doping is not required in FinFETs dismishing the
threshold voltage variations due to RDF. However, the impact
of process variations in fin thickness, fin height, channel
length, and oxide thickness on FinFET performance must be
analyzed in detail.

Alpha particles from the packaging materials, high energy
neutrons from cosmic radiations and the interaction of cosmic
ray thermal neutron are three major sources of radiation
inducing soft errors [1]. In SRAM cells a soft error is typically
due to Single Event Upset (SEU), and occurs when a particle
strike at a storage node in the cell induces a transient voltage
pulse that causes a bit flip in the SRAM cell.

There is a considerable amount of works modeling single-
event effects (SEEs) in FinFETs. In [2] the charge collection
in FinFETs was investigated through laser experiments. In [3]
three-dimensional (3D) TCAD simulations were employed to
model the response to radiation of FinFETs. However, the
improvement of radiation-hardening of SRAM cells conside-
ring process variations has not been thoroughly studied. In [4]
various FinFET-based SRAM cells for SEU immunity were
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analyzed and their performance was compared for superthres-
hold and subthreshold supply voltage operation. However, no
detailed analysis about the impact of process variations was
reported. In [5] five FinFET-based SRAM configurations to
reduced the SEU sensitivity were proposed, reporting good
results in SEU robustness, although the cost in area overhead
was high.

In this work, we analyze the effect of increasing the number
of fins, and the fin height of the cross-coupled inverters
transistors of FinFET-based SRAM cells to improve the cell
radiation-hardening in presence of process variations. The
critical charge (Q.;+) is the parameter used to quantify the
radiation-hardening of a cell. In this work, Q.,;; is modeled by
an statistical approach based on Design of experiments (DOE)
to determine the impact of process and design parameters on
Qcrit distribution. The efficiency of this statistical method was
also evaluated by [6]. The rest of the paper is organized as
follows: Section II presents the basic FinFET-based SRAM
cell and the statistical model of ()..;; distribution used in
this work. The impact of increasing the number of fins, and
the fin height are analyzed in Section III while Section IV
discusses the impact of increasing NFIN and HFIN on SRAM
cell performance. Finally, in Section V the conclusions are
given.

II. FINFET-BASED SRAM CELL MODELING
A. FinFET Device

The basic structure of a Trigate FinFET device is shown in
Fig. 1a. It is formed with a silicon fin that is wrapped around
by the gate. L is the channel length, HFIN is the fin height,
TFIN is the fin thickness and TOX is the oxide thickness. The
effective width (W, ) of a Trigate FinFET is defined as

Wepr = NFIN x (2HFIN +TFIN) (1)

where NFIN is the number of fins and takes integer values.

HFIN and TFIN are usually fixed for a given technology,

and their value is limited by the HFIN/TFIN ratio of the
manufacturing process [7].
B. 6T-FinFET SRAM Cell

Fig.1b shows the circuit schematics of the basic FinFET-
based SRAM cell. Mpl and Mp2 are the pull-up transistors,



Proc. RADECS 2013 C-1 2/7

Mnl and Mn2 are the pull-down transistor, and Mal and Ma?2
are the access transistors. A and B are the storage nodes.
Assume the radiation particle impacts node B where a logic
’1” is stored. lexp is a double-exponential current source that
models the radiation-induced transient current waveform of
the ion track of a radiation particle. Our analysis is based
on 10nm-SOI Trigate FinFET model card. Detailed transistors
parameters are given in Table 1.

TFIN

Gate ;
Drain

(b) FinFET-based SRAM Cell.

Fig. 1. FinFET Technology

C. Process Variations

Process variations are often separated in local and global
contributions. For local variations, transistors within the
SRAM cell vary independently of each other. For global
variations, all transistors within SRAM cell vary equally.
The most important sources of local variations in FinFETs
(See Fig. la) are L and TFIN due to Line Edge Roughness
(LER)[8]. Local variations of HFIN and TOX are negligible
[8]. To analyze the impact of process parameter variations on
Qcri¢ distribution, the effect of local and global variations
of parameters (L, TFIN, HFIN, TOX) have been considered
concurrently (See Eq. 2). The global variation component is
generated for each simulation for all transistors while the local
variation component generated for each transistor of the cell
for each simulation. Electrical simulation have been done in
HSPICE BSIM-CMG model for 10nm-SOI Trigate FinFET.
Parameter variations have been taken from [9].

Pij = Prominat + A]Dglobal,j + Aplocalﬂ-j )

P;; is the parameter value for the it" transistor during
the jth simulation. P, ,ming; 1S the nominal parameter value.

APyiopal,; 18 the global variation component and is generated
for each simulation for all transistors. APjocq,55 is the lo-
cal variation component generated for each transistor of the
SRAM cell for each simulation.

TABLE I
FINFET’S PARAMETERS USED IN THIS WORK
L(nm) TFIN(nm) HFIN(nm) TOX(nm) Vpp((V)
10 5 12.5 0.585 0.8

D. Critical Charge (Q i) Distribution Modeling

The Qi of a SRAM cell depends on variations of process
parameters (TFIN, L, TOX, and HFIN). Since process parame-
ters are considered random variables, the Q..;; variation of a
SRAM cell can also be considered a random variable and its
variations can be approximated to follow a normal distribution.
The mean of Qcrst (gerit) and the variance of Qcrs¢ (Jécm)
can be estimated by an multi-variable Taylor-series expansion
[10]. Assuming process parameters to be independent, then,

1 - achrit(l'lvaa ..,l’n) 2
crit — Weri o xi 3
BQerit = Qerito + 9 ; ( 027 g 3)

n 2
O'(Qchit = z (aQCMt (xg;% — a:n)> o2 “4)
i=1 v

Where Q.0 is the critical charge of the SRAM cell for
nominal values of process parameters, z; represents the co-
rresponding process parameter, 0Q..;; / Ox; is the sensitivity
of Q..;+ with respect to each process parameter, and o; is the
parameter standard deviation.

To determine the sensitivity of Q..;; with respect to each
process parameter and evaluate Eq. 3 and 4, we model Q...
by an statistical approach based on Design of Experiments
(DOE) [11]. DOE is a powerful statistical method that allows
estimating the effect of each process and design parameters
and their interactions on the Q..;; which allows modeling
accurately the behavior of Q.,;; with respect to the variations
of process and design parameters. The main advantage of using
DOE instead of classical analytical Q..;; models is that the
designer can analyze a more detailed behavior of the Q..
with respect to process and design parameters.

To model Q.,;;, an initial screening DOE has been done
to identify negligible parameters and interaction among para-
meters to reduce the number of variables of the final model.
For screening, a simple full factorial DOE at 2 levels has
been used. Then, through Analysis of Variance (ANOVA)
[11] the significance level of each variable is estimated. From
screening, the variations of process and design parameters of
access transistors are negligible and are not considered for
final model. This is logical, since the Q.,;; is estimated for
hold operation of the SRAM cell. Hence, with all variables
corresponding to the cross-coupled inverters of the SRAM cell
(See Fig. 1a), a full factorial DOE at 5 levels has been done,
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obtaining a third degree polynomial function. This function is
of the shape,

Qerit = Po + B1.TFINym1 + B2 TFINpp + ...
+6;., TOX.HFIN + ...+ 8,.HFIN? (3)

where Sy, 51, ...3, are the polynomial coefficients.

Eq. 5 is used to determine the sensitivity of Q..;; with
respect to each process parameter to calculate fig.r;¢ and
aém-t with Eq. 3 and 4 respectively. The model coefficient of
determination for the regression, R2, of Eq. 5 is 99.92%, that
indicates the polynomial model has a good agreement with
simulation data. From ANOVA, a Pareto chart of effects of
the process and design parameters was elaborated and shown
in Fig. 2. The signs (+) and (-) represent positive and negative
effects respectively. Each variable is labeled by a letter in
brackets (i. e. (A) corresponds to NFIN). The combination
of letters indicates an interaction between variables (i.e. B*C
indicates the interaction between HFIN and TFIN). The Pareto
chart shows that the main effects correspond to NFIN and
HFIN. The effect of TFIN and L are smaller than the effect
of NFIN and HFIN. Linear, second order and third order
interactions among parameters are negligible in comparison
with the effect of NFIN and HFIN.

R’=99.92%

0 2 4 6 8 10 12 14

Standardized Effect
Fig. 2. Pareto of effects of process and design parameters on Q.,;¢. Labels:
NFIN is A, HFIN is B, TFIN is C, L is D. A*B is the interaction between
NFIN and HFIN. A*C*D is the interaction among NFIN, TFIN, and L.

III. FINFET SRAM CELL HARDENING THROUGH DESIGN
AND TECHNOLOGY PARAMETERS

According to the Pareto chart of effects (See Fig. 2) from
ANOVA analysis, NFIN and HFIN are the main parameters
with a stronger impact on Q..;; than TFIN and L. In this
section, the impact of increasing NFIN, and increasing HFIN
on Qs considering process variations will be analyzed.

A. SRAM hardening by increasing NFIN

The j1gcrit and the 0gqri¢ are computed according to Egs.
3,4 and 5, and are a function of NFIN. Assume a logic ’1’
is stored at node B. Taking the 6T SRAM with parameters in
Table I and NFIN=1 as the reference memory cell (SRAM,..¢),

we compute Apgerit (Aogerit) as the difference between the
tQerit (0Qerit) as increasing NFIN and such reference cell
values, ,ugcfm-t (ch{it), normalized to uggit (UZ;CJ;%). Table
II indicates the impact of increasing NFIN of the transistors of
the cross-coupled inverters on fQcrir and ogeric. It is observed
that as NFIN increases, Apigeri also increases. The behavior
of Apgerit is logical due to the increase of W, rr. However,
as NFIN increases, Aogcri: also tends to increase. According
to the results in Table II, if NFIN is equal to 2, the pgerit
increases significantly, about 88% with respect to the basic
SRAM cell. In addition, the ratio 30Qcrit/[tQerit decreases as
NFIN increases, improving the variability of the cell. Hence,
increasing NFIN may be an attractive alternative for design
hardening. However, the cost in Area is the main constraint
of increasing NFIN in SRAM cells. This will be discussed in
Section IV.

TABLE II
IMPACT OF NFIN ON pigcrit AND 0Qcrit
NFIN=1 NFIN=2 NFIN=3 NFIN=4
Apgerit (%) 88% 170.26%  251.74%
30Qerit/thQerit 0.361 0.2392 0.2029 0.1871

B. SRAM hardening by increasing HFIN

The Pareto chart (See Fig. 2) indicates that HFIN is another
parameter with a significant impact on Q..;+. Assuming a
logic 1’ stored at node B, Fig. 3 shows the behavior of
Apgerie and Aogerir as a function of HFIN. It is observed
that as HFIN increases, Apgerit and Aogeri also increase.
For HFIN=21nm, pq.rix increases significantly (69.8%) and
0Qerit increases by 30%. For HFIN=23nm, [1Q¢r;¢ inCreases
by 87.55%, and 0@y increases by 37.5%. Fig. 4 shows
the impact of increasing HFIN on variability. The ratio
30Qerit/ BQerit decreases as HFIN. The results observed for
HFIN=23nm suggest that it is possible obtain a similar (1Qcyi
gain increasing HFIN instead of NFIN. The cost in Area will
be discussed in next section.
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Fig. 3. Impact of HFIN on pgcrit and oQerie. TFIN=5nm.
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Fig. 4. Impact of HFIN on Q.+ variability. TFIN=5nm.

As mentioned earlier, HFIN is a fixed parameter for a
given technology and depends on the HFIN/TFIN ratio
of the manufacturing process. For the technology used in
this work, the HFIN/TFIN=2.5. Thus, increasing HFIN
implies manufacturing FinFETs with HFIN/TFIN >2.5.
To generalize this analysis, Fig. 5 shows the Apgcriz and
HFIN/TFIN ratio as a function of HFIN. To obtain a simi-
lar pgerie gain when NFIN=2, HFIN/TFIN must increase
to 4.6. The typical value of HFIN/TFIN is 2 [7], however,
in recent works values of HF'IN/TFIN >2 are reported. For
example [12] and [3] report fabricated FinFET devices with
HFIN/TFIN=5. Moreover, [13] and [14] studied SRAM
optimization with FinFET devices with H FIN/TFIN being
4 and 3 respectively. Furthermore, [15] successfully fabricated
Trigate FinFETs with HFIN/TFIN=6. Hence, fabrication
of FinFET-based SRAM cells with HFIN/TFIN=4 or
HFIN/TFIN=5 for radiation hardened applications might
be feasible.

T 120
5.0 - 110
—=— HFIN / TFIN
45 T Mouri ) :;20
80
Z 4.0 L70 >
= L 60 QT_
,% 3.5 - 50 :”;
= La0 &
3.0 L 30
- 20
2.54 10
———————— T 0
12 13 14 15 16 17 18 19 20 21 22 23 24 25
HFIN (nm)
Fig. 5. Qcrit gain as a function of HFIN/TFIN ratio. TFIN=5nm.

IV. IMPACT ON SRAM CELL PERFORMANCE

The results obtained in the previous section show that in-
creasing HFIN to 23nm improves ().,;; similarly to increasing

the number of fins to NFIN=2. Thus, we analyze the impact
of increasing NFIN, and increasing HFIN on SRAM cell
performance.

A. Qcrit and area overhead

Let us define SRAM-I and SRAM-II as the SRAM cells
with cross-coupled inverters designed according to the para-
meters presented in Table III. The access transistors have been
designed with parameters in Table I considering NFIN=1. Ta-
ble IV indicates the impact of different SRAM cells (SRAM-
I and SRAM-II) on pgerit, 30Qerit/hQerie and Area with
respect to SRAM,..y. For SRAM-I and SRAM-III the impact
on Q¢ distribution is similar. The improvement in pgerit
is 88% and 87.55% respectively. In addition, the improve in
variability is lightly higher for SRAM-I. However, the cost in
Area for SRAM-I is 21% and for SRAM-II is 0%. Hence, it
is possible to obtain similar improvement in ).,;; increasing
HFIN instead of NFIN, but without Area overhead.

TABLE III
SRAM PARAMETERS FOR COMPARISON
Parameter SRAM,.; SRAM-I SRAM-II
NFIN 1 2 1
HFIN (nm) 12.5 12.5 23
TFIN (nm) 5 5 5
TABLE IV
Qcrit AND Area COMPARISON WITH RESPECT TO SRAM,. ¢
Case AHQth 30’Qcm’t/,“4Qcm’t AArea
SRAM,.. ¢ - 0.3610 -
SRAM-I 88% 0.2392 21%
SRAM-II 87.55% 0.2787 0%

B. Read Failure

A read failure occurs while reading the cell shown in Fig.
1b (Vp="1" and V4="0’), the voltage at node A increases to
a positive value Vrgpap due to the voltage divider formed by
Mal and Mnl, and if Vrgap is higher than the trip point of
the inverter Mp2 - Mn2, the cell flips the stored data. Table V
and Fig. 6 show the impact of increasing NFIN and HFIN on
the voltage at node A in the read operation (Vggap) of the
SRAM cell respectively. It is observed that Vrpap voltage
decreases as NFIN and HFIN increases. This indicates that
increasing NFIN or HFIN of the transistors of the inverters
of the cell improves the read stability of the cell. However,
VrEAD is lower decreasing NFIN than increasing HFIN.

C. Write Failure

In the write operation, while writing a ’0’ to a cell sto-
ring ’1’, the node B discharges through BL to a low value
determined by the voltage divider formed by Mp2 and Ma?2.
If the the voltage at node B cannot be reduced below the
trip point of the inverter MpI-Mnl within the time when the
word-line is high (Ty1), a write failure occurs. Table V and
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TABLE V
IMPACT OF NFIN ON SRAM CELL PERFORMANCE
NFIN=1 NFIN=2  NFIN=3
Vreap (V) 0.2536 0.1568 0.1325
TwriTe (ps) 6.02 18.53 31.46
Taccess (ps) 6.498 6.474 6.471
Licakage (nA) 16.63 27.82 38.84
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Fig. 6. Impact of increasing HFIN on V,.cqq4.

Fig. 7 show the impact of increasing NFIN and HFIN on
TwriTe respectively, where Ty rrrr is the time required
to pull-down the voltage at node B to the trip point voltage
of the inverter MpI-Mnl. It is observed Ty rrrE increases
as NFIN and HFIN increases. The increment of Tw riTE
is larger increasing NFIN than increasing HFIN. This result
indicates the stability of the cell in the write operation requires
an adequate selection of the Ty 7, that considers the values of
the NFIN and HFIN of the FinFET transistors of the cross-
coupled inverters of the SRAM cell.

12 1
114

10

Twrite (P9)

12 14 16 18 20 22 24
HFIN (nm)

Fig. 7. Impact of increasing HFIN on Tw rrTE.

D. Access Time Failure

The access time (T,ccess) 1S defined as the time required to
produce a voltage difference (= 0.1Vpp ) between the two
bit-lines. Hence, access time failure occurs when the access
time of the cell is longer than the maximum tolerable limit
stablished. Table V and Fig. 8 show the impact of increasing
NFIN and HFIN on Tg,ccss respectively. It is observed Tyecess
decreases lightly as NFIN and HFIN increases.

6.505

6.500

6.495

Taccess (pS)

6.490

6.485 1 . ; .
12 14 16 18 20 22 24
HFIN (nm)

Fig. 8. Impact of increasing HFIN on Tgccess-

E. Leakage Current

The main components of leakage current in FinFET devices
are: sub-threshold current and tunneling current from gate to
channel and from gate to source/drain region (See Fig. 9).
However, the sub-threshold current is the largest component
to leakage current, thus it is the only component considered
for analysis in this work.

—— Gate to channel Current
Gate —— Gate to S/D Current
—— Subthreshold Current
Source < Drain
Gate
Fig. 9. Leakage Components in FinFET devices.

For SRAM cell (See Fig. 1)b, the transistors Mpl, Mn2, and
Ma?2 are the major contributors to the total leakage current (See
Fig. 10).

Table V and Fig. 11 show the impact of increasing NFIN
and HFIN on leakage current respectively. It is observed
that the leakage current increases considerably as NFIN and
HFIN increase. This result indicates that the SRAM cell power
consumption also increases significantly as NFIN and HFIN
increases to improve Q...
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Fig. 10. Leakage Contributions in SRAM Cell.
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Fig. 11. Impact of increasing HFIN on leakage current.

The leakage current increase can be controlled by increasing
the control of the gate over the channel modulating the
thickness of the fin (TFIN). Fig. 12 shows the threshold voltage
(V) variation as function of HFIN for different TFIN values
indicating that Vg decreases (increasing leakage current)
as HFIN increases but increases reducing TFIN. Hence, the
technology parameter TFIN can be used to determine an
optimal power consumption level.

However, the impact of reducing TFIN on Q.;; must be
quantified. According to the Pareto chart of effects (See Fig.
2) the impact of TFIN on ().,;; is not significantly with respect
to HFIN and NFIN. For validation, Fig. 13 shows the SRAM
cell Qi as a function of the FinFET TFIN for HFIN=12.5nm
and HFIN=23nm. It is observed the Q.,;; increase as TFIN
increases is not significantly.

V. CONCLUSIONS

The effect of increasing the number of fins (NFIN) and
the fin height (HFIN) of the transistors composing the cross-
coupled inverters of FinFET-based SRAM cells to improve
radiation-hardening considering process variations has been
analyzed. Results show that it is possible to obtain similar
improvement in critical charge by increasing HFIN instead of
NFIN without Area overhead. The impact of increasing NFIN
and HFIN on Q).;; distribution is similar, ftgcriz increases

0.24
] —a— TFIN=5nm
0.234 —e— TFIN=4.5nm
| —a— TFIN=4nm
0224
E’ 0.21
==
= i
> 020
0.19
0.18
017 4+——F+—T1+ 1T T T T T T T T T T
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
HFIN (nm)
Fig. 12. Impact of HFIN and TFIN on VTH.
6.0
5.5
—— HFIN=12.5nm
- —— HFIN=23nm
% 5.0
"::';
O 454
4.0
3.5 ////—
T T T T T T T
4.0 4.5 5.0 5.5
TFIN (nm)
Fig. 13. Impact of TFIN variation on Qcpjt.

and 30qerit/hQerit decreases as NFIN and HFIN increase.
Additionally, the impact of increasing NFIN and HFIN on
SRAM cell performance has been analyzed. The read opera-
tion stability increases as NFIN and HFIN increase. However,
the Ty rrrE and leakage current increase as NFIN and HFIN
increase. Nevertheless, the increment in leakage current can
be controlled modulating TFIN without Q.,;; penalization.
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