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Abstract
This work studies radiation-induced effects in FinFET technology, the leading technology in advanced nodes for high-end 
embedded systems. As the fin height (HFIN) and the number of fins (NFIN) are two critical parameters in the development 
of newer technologies, the soft-error robustness to radiation-induced effects in FinFET SRAM cells with HFIN and NFIN) 
is evaluated using Technology Computer-Aided Design (TCAD) tools. The ion strike direction and the process variations 
are considered. An analytical method to evaluate the failure probability of the memory cell due to radiation-induced effects 
under process variations is proposed. The amount of critical and collected charges of the memory cell are obtained with 
TCAD tools. The proposed method can be used to get insight into the robustness behavior of the memory cell with HFIN 
and NFIN and to guide the obtention of HFIN and NFIN parameters in developing new FinFET technologies.
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1  Introduction

Alpha particles from the packaging materials, high energy 
neutrons from cosmic radiations and the interaction of cos-
mic ray thermal neutrons are three significant sources of 
radiation-induced soft errors [3]. In space, high-energy 
heavy ions may cause damage to human health and elec-
tronic components [12]. The energy of incident ions can 
be reduced after passing through shielding, and even more, 
secondary particles of lower energy may be produced [12]. 
Low energy ions with high Linear Energy Transfer (LET) 

are also of interest as they cause adverse effects on human 
health and electronic components [12]. The impact of an 
oxygen ion on AlGaN/GaN device was investigated in [15].

Fin Field-effect Transistor (FinFET) technology has 
become mainstream for advanced nodes due to its improved 
short-channel effects. Thus, there is a strong interest in better 
understanding FinFET SRAMs’ cell sensitivity to radiation-
induced effects. Even more, evaluating the benefits of strate-
gies to mitigate radiation-induced effects in FinFET-based 
static random-access memory (SRAM) cells is of primary 
interest. A Single Event Upset (SEU) due to a radiation 
particle strike on silicon can lead to a system malfunc-
tion. Hardening techniques have been proposed to mitigate 
radiation-induced effects [11]. They are mainly divided into 
layout-level, circuit-level and system-level techniques [11]. 
Guard rings and guard drains techniques have been proposed 
to mitigate the impact of radiation-induced effects in the 
Complementary Metal-oxide Semiconductor (CMOS) pro-
cess [16]. Well-configuration techniques have also been pro-
posed [7]. It has been presented in [6] to add complementary 
doped regions near the active region to generate an electrical 
field that drives the charge generated by the ion track out of 
the sensitive terminals. Approaches addressing circuit-level 
are described in [1, 5, 8, 19, 25]. The use of a built-in current 
sensor to monitor abnormal current dissipation in the SRAM 
memory power bus has been proposed in [24]. An abnormal 
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current indicates a single-event upset (SEU) in the memory. 
System-level solutions are commonly sitting around the use 
of error detection and correction (EDAC) approaches [10]. 
Fin height and the number of fins are critical parameters 
impacting the performance of FinFET-based circuits. The 
impact of the fin height on SRAM soft error sensitivity and 
cell stability is studied in [25]. Technologies with multiple 
fin heights have improved static noise margin in bulk Fin-
FET SRAM cells [8]. The impact of changing fin height on 
the DC and RF Performance of a 14-nm silicon on insula-
tor (SOI) FinFET structure is studied in [5]. Reducing the 
number of fins (fin depopulation) also impacts the perfor-
mance of FinFET devices [19]. Soft-error rate improvements 
in 14-nm FinFET technology in comparison to a previous 
technology node have been found [21]. A more scaled tech-
nology uses taller (height) fins and fewer fins. The soft-error 
rate (SER) behavior with technology scaling is of particular 
interest [2, 17]. Also, analytical models are of interest to 
evaluate the impact of radiation-induced effects. An ana-
lytical approach to calculate the soft error rate induced by 
neutrons has recently been proposed [28]. It has been found 
that process variations may significantly impact the SER 
behavior in advanced FinFET SRAMs [17].

The main goal of this work is to evaluate the FinFET 
SRAM cells’ failure probability due to radiation-induced 
effects considering process variations. We focus on memory 
cell behavior as a function of HFIN and NFIN and their 
variations The collected charge in a FinFET-based SRAM 
cell due to an incident Oxygen ion has been analyzed using 
3D TCAD Sentaurus simulations. Different energies for the 
oxygen ion have been simulated. Even though the results 
obtained in this work are based on the Oxygen ion, the pro-
posed methodology can be extended to any type of ion ele-
ment with no prejudice to the quality of the results. The 
influence of process variations is considered. An analytical 
formulation is proposed to evaluate the failure probability 
of FinFET SRAM cells to radiation-induced effects. Results 
are presented for a 10nm-SOI Tri-Gate FinFET technology.

The rest of the paper is organized as follows: Section 2 
presents the basics of the FinFET transistor, process varia-
tion modeling, and TCAD Sentaurus simulation setup. Sec-
tion 3 analyzes the impact of an ion strike on the behavior 
of a FinFET SRAM cell. LET and ion energy loss, and the 
collection charge is presented. The electron density profile 
due to an ion strike is also presented. Section 4 analyzes the 
impact of HFIN and NFIN on the FinFET SRAM perfor-
mance under process variations. Section 5 proposes an ana-
lytical formulation that considers process variations to com-
pute the failure probability of a FinFET SRAM cell due to 
an ion strike. Section 6 presents a summary and remarks of 
the results. Graphical analysis is used to verify the consist-
ent behavior of the proposed analytical formulation. Finally, 
Section 7 presents the conclusions of the work.

2 � FinFET Transistor and TCAD Sentaurus 
Simulation Set‑Up

2.1 � FinFET Transistor

Figure 1a illustrates the physical structure of a single fin SOI 
Tri-Gate FinFET transistor. The metal gate surrounds a thin 
slice of silicon, known as fin, at the two sides and top sides; 
consequently, three current channels are created. One current 
channel is created at each side of the fin surrounded by the 
metal gate, and the third channel is created at the top of the 
fin. Some essential parameters are indicated in Figure 1a. L 
is the channel length, HFIN is the fin height, TFIN is the fin 
thickness, TOX is the oxide thickness and TBOX is the buried 
oxide thickness. Figure 1b illustrates the physical structure of 
a 2-fins SOI Tri-Gate FinFET transistor.

The FinFET devices have been built with Synopsys Sen-
taurus TCAD tool [22]. The gate of a FinFET is defined 
in Sentaurus by wrapping three layers over the fin channel 
region. The first layer around the fin is the Silicon oxide, 
the second is the Hafnium oxide, and the third is Titanium 
nitride. The used FinFET parameters are based on a model 
card of 10nm Tri-Gate SOI FinFETs (See Table 1). The used 
device parameters follow ITRS 2010 [27]. N S D is the source 
and drain doping concentration and N C H is the channel dop-
ing concentration. The power source ( VDD ) is set to 0.8V.

Fig. 1   Tri-gate FinFET transistors. k̂ : ion strikes with a normal inci-
dence direction and 𝚥 : ion strikes horizontally the drain body hori-
zontally

Table 1   FinFET’s parameters 
used in this work [27]

EOT:Equivalent Oxide Thick-
ness

Parameter Value

L(nm) 10
TFIN(nm) 5
HFIN(nm) 12.5
EOT(nm) 0.585
N
S D

 ( cm−3) 3e20
N

C H
 ( cm−3) 1e15
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SRAM cells using FinFETs with multiple fin heights have 
been discussed in [20]. First, a uniform shallow-trench isola-
tion (STI) recess is made, and then the STI is recessed with 
a mask. The fin with a second different height is created in 
the selectively recessed region.

2.2 � Process Variation Modeling

Process variations in gate work function (WF), channel 
length (L), fin thickness (TFIN), fin height (HFIN), and 
oxide thickness (TOX) have been considered. Local varia-
tions of individual transistors within SRAM cells are uncor-
related, while global variations of cell transistors are corre-
lated. Local variation of the Gate work function (WF) due to 
the metal gate granularity is independent for each transistor. 
WF variation is assumed to have a Normal distribution with 
�WF=20meV [4]. Local variation for L and TFIN is due to 
Line Edge Roughness. Gate LER (known as GER) is defined 
for L variation, and Fin LER (known as FER) is defined for 
TFIN variation. Normal distributions have been assumed 
to model GER and FER variations with �GER,FER=0.66nm 
[26]. No local variations have been considered for HFIN and 
TOX. Global variation is assumed to be 3 �=10% from the 
nominal value for each parameter. HFIN and TOX are not 
expected to exhibit significant local variation since they are 
determined by film thickness but not the lithography [14].

2.3 � TCAD Simulation Setup

3D TCAD simulations with Synopsys Sentaurus TCAD 
tool suite [22] were used to evaluate the response of FinFET 
SRAM cells to heavy-ion strikes. Two ion strike conditions 
have been considered (vertical and horizontal arrows in 
Figs. 1a and b). In the first condition, the ion strikes at the 
transistor drain terminal with a normal incidence ( ̂k direction) 
and crosses the drain body vertically. In the second, the ion 
strikes horizontally the drain body ( ̂𝚥 direction). The Linear 
Energy Transfer (LET), the ion range depth, and the profile 

lateral radius values are the input parameters to the heavy-
ion model for TCAD transient simulation. The radial dose 
model used in [9] determines the profile lateral radius. The 
spatial charge distribution of the ion track was characterized 
by a Gaussian distribution function [9]. The charge collection 
behavior (by means of the LET value) for the different materi-
als has been considered in the TCAD simulation.

3 � Impact of an Ion Strike on the Behavior 
of a FinFET SRAM Cell

This section analyzes the impact of an ion strike on the 
behavior of a FinFET SRAM cell. LET and ion energy loss, 
and the collection charge is illustrated. The electron density 
profile due to an ion strike is also shown. Ion strikes in 1-fin 
and 2-fin transistors have been studied.

3.1 � LET and Ion Energy Loss

LET has been analyzed as a function of the target material depth 
(LET(z)) through different layers. Using SRIM software [31], 
the LET and ion energy profile as a function of the depth has 
been obtained. Figure 2a shows the LET for the different layers 
at the drain region of the FinFET transistor (See Fig. 1), for an 
Oxygen ion strike with an energy of 80keV in the k̂ direction. 
It can be observed that the LET presents different magnitudes 
for each layer (Figure 2a). Figure 2b illustrates the energy loss 
as the ion track strike penetrates the layers. Energy is lost as the 
heavy ion penetrates the layers, and generates a large population 
of electron-hole pair (See Fig. 2b).

Figure 3 shows the LET and ion energy profile as a func-
tion of the target material depth for an ion strike in the 𝚥 
direction (See Fig. 1). In this case, the ion Oxygen strikes 
the drain body horizontally. It can be observed that the ion 
strike travels through different layers in comparison to an ion 
strike in the k̂ direction. Lower energy is lost for the case in 
the 𝚥  direction.

Fig. 2   LET and ion energy 
loss for an oxygen ion strike 
of 80keV in the k̂ direction. 
NFIN=1
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LET and ion energy profile has also been obtained for 
a FinFET transistor with two fins (NFIN=2) using SRIM 
software [31]. The LET and ion energy profile for the case 
of an ion strike in the k̂ direction is similar to the case with 
a single fin, as it has been assumed that the ion strikes only 
one fin. The LET and ion energy profile for the case of an 
ion strike in the 𝚥  direction is shown in Fig. 4. It can be 
observed that higher energy is lost as the ion penetrates 
through more layers in comparison to the case of an ion 
strike in a single fin.

3.2 � Collection Charge

The excess of electrons generated by the ion strike at the 
silicon fin is collected by the drain terminal of the Fin-
FET transistor. The collected charge ( Qcoll ) is different 
for each strike direction. Figure 5 shows the drain to body 
transient current generated by the strike of ion oxygen in 
the k̂ direction. The drain-to-body current is obtained from 
TCAD simulation. The ion strike causes a transient cur-
rent from the drain to the body, i.e., from lower to higher 
potentials (See Fig. 5). In more detail, electrons present 
much higher mobility than holes, which are left behind, 

while electrons are fast collected towards higher poten-
tials. Thus, Qcoll is computed as the integral of this tran-
sient current. The minimum collected charge that causes 
a bit-flip in the SRAM cell is called critical charge ( Qcrit).

Figure 6 shows the collected charge ( Qcoll ) as a function 
of oxygen ion energy for strikes in k̂ and 𝚥  directions. It 
can be observed that for the same ion energy, for instance, 
for an ion Oxygen with 20keV, the collected charge in the 
k̂ direction is larger than for the 𝚥  direction. In other words, 
more charge is collected when the heavy ion impacts in the 
k̂ direction than in the 𝚥  direction. This is in full agree-
ment with Figs. 2 and 3: as the ion loses more energy in 
the k̂ direction while crossing the silicon material, and 
as a consequence, it is also expected that the charge col-
lected in this direction is larger than in the 𝚥  direction. The 
deposited charge and bipolar amplification of the parasitic 
BJT transistor explain the previous behavior.

3.3 � Electron Density Profile to an Ion Strike

The circuit schematic of the studied FinFET SRAM cell 
designed with 1-fin for the driver transistors (M3 and M5) is 
shown in Figure 7. Each transistor of the SRAM memory cell 

Fig. 3   LET and ion energy 
Loss for an oxygen ion strike 
of 80keV in the 𝚥 direction. 
NFIN=1

Fig. 4   LET and ion energy 
Loss for an oxygen ion strike 
of 80keV in the 𝚥 direction. 
NFIN=2
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has been created in the TCAD Sentaurus suite tool. An oxygen 
ion striking the reverse biased depletion region of transistor 
M5 is considered. When the ion strikes the silicon fin, a track 

of electron-hole pairs (EHPs) is generated in the silicon fin, 
thus, the electron density in the silicon fin changes due to the 
ion strike. The drain terminal collects electrons, and Qcoll is the 
amount of the collected charge. The memory flips its stored 
state if Qcoll is larger than the critical charge ( Qcrit ). Assume 
that a logic ’1’ is stored at node N2 (See Fig. 7).

–	 Figure 8a shows the electron density profile before the 
ion strike (steady-state condition).

–	 Figure 8b shows the electron density profile at the drain 
region of transistor M5 when an oxygen ion with the 
energy of 10keV strikes node N2. The electron density 
is increased at the FinFET structure, which is higher than 
for steady-state conditions (See Fig. 8a). However, the 
energy of the oxygen ion is not enough to cause a bit-
flip in the SRAM cell; thus, the electron density pro-
gressively decreases, due to the collection of part of the 
electrons towards higher potentials by one side, and due 
to the recombination of part of the electrons with holes, 
by the other side.

Fig. 5   Drain-to-body transient 
current generated by the strike 
of an ion oxygen in the k̂ direc-
tion

Fig. 6   Collected charge in drain region due to an oxygen ion strike Fig. 7   Schematic circuit of the FinFET SRAM cell
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–	 Figure 8c shows the electron density profile at the drain 
region of transistor M5 when an oxygen ion with the 
energy of 20keV strikes node N2. In this case, the same 
physical phenomenon is produced, by since the ion has 
enough energy (larger than the critical charge) to produce 
an upset, the SRAM cell flips.

In this case, the same physical phenomenon is produced, 
by since the ion has enough energy (larger than the critical 
charge) to produce an upset, the SRAM cell flips.

4 � Impact of HFIN and NFIN on the FinFET 
SRAM Performance

This section illustrates the impact of HFIN and NFIN on the 
behavior of SRAM cells under process variations. Normal dis-
tribution functions have been assumed for Qcoll and Qcrit . �Qcoll 
and �Qcoll are the mean and standard deviation of Qcoll , and 
�Qcrit and �Qcrit are the mean and standard deviation of Qcrit.

The mean and standard deviations of Qcrit and Qcoll have been 
obtained with Design of Experiments (DOE) analysis using a 
full factorial design with 3 levels for each parameter [25]. TCAD 
Sentaurus simulations were carried-out for the DOE analysis.

Figure 9 illustrates the impact of an ion strike on the criti-
cal and collected charges as a function of HFIN for the 1-fin 
SRAM cell (See Fig. 7). Ion strikes are considered in the 
k̂ and 𝚥  directions. As the dynamic of the charge injection 
and the operating voltage of the cell are defined, the critical 
charge depends on the capacitance at node N2 [13]. The crit-
ical charge’s mean increases as HFIN increases (See Fig. 9). 
The increase of the critical charge is due to capacitance at 
node N2 increasing as HFIN increases (See Fig. 9).

The critical charge’s standard deviation also increase 
with HFIN (See Fig. 9a). Increasing HFIN also affects the 
collection charge mechanism. Figure 9b shows the behav-
ior of the collected charge ( �Qcoll ) as a function of HFIN. 
For the k̂ direction, �Qcoll increases as HFIN increases. As 
HFIN increases, the heavy ion range depth into the silicon 
fin increase (sensitive area). Due to this, more EHPs are 
generated, increasing the electron density within the fin 

Fig. 8   Electron density profile 
of the FinFET structure
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Fig. 9   Mean and standard 
deviation of the critical and 
collected charges for the 1-fin 
FinFET SRAM cell
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and, consequently, increasing the collected charge. A simi-
lar trend has been found in [30]. On the other hand, Qcoll 
barely decreases with HFIN for the 𝚥 direction (See Fig. 9c). 
This behavior is because the heavy ion range depth for the 𝚥 
direction almost does not change as HFIN increases.

The node capacitance at node N2 (See Fig. 7) increases as 
NFIN increases, and as a consequence, the Qcrit increases as 
NFIN increases. It is important to note that NFIN can only take 
integer values. The Qcrit increases by 80% by increasing NFIN 
from 1 to 2 fins. The standard deviation also increases by 80%.

Figure 10 illustrates the impact of an ion strike on the col-
lected charges as a function of NFIN for the SRAM cell. For 
the 2-fin SRAM cell, the driver transistors M3 and M5 in 
Fig. 7 are designed with two fins. �Qcoll−k does not increase 
as NFIN increases because it has been assumed a single ion 
is striking the device. �Qcoll−j increases as NFIN increases 
due to a more sensitive area with more fins. The standard 
deviation of the collected charge change as NFIN increases.

The previous results show that HFIN and NFIN impact 
the behavior of the memory cell. Even more, process vari-
ations must be taken into account as they affect the perfor-
mance of the memory cell.

5 � An Analytical Formulation to Compute 
the Failure Probability of a FinFET SRAM 
Cell due to an Ion Strike

This section first briefly discuss a simple metric to evaluate 
the soft-error robustness due to an ion strike. Next, an ana-
lytical formulation considering process variations to com-
pute the failure probability of a FinFET SRAM cell due to 
an ion strike. The proposed method is applied to 1-fin and 
2-fin SRAM cells, and finally, the consistent behavior of the 
analytical formulation is verified.

5.1 � Soft‑Error Robustness Metric

The results show that the critical and collected charges’ per-
formance depends on HFIN and NFIN. Furthermore, the 
collected charge is influenced by the direction of the ion 
strike. Thus, the soft-error robustness (or cell error robust-
ness) depends on Qcrit and Qcoll [23, 32]. The following equa-
tion (R) can be used to evaluate the soft-error robustness of 
the FinFET SRAM cell:

The simple metric that does not consider process variations 
can be used as a first guess to evaluate the soft-error robustness 
due to an ion strike. However, the results presented previously 
show that process variations should be considered.

5.2 � An Analytical Formulation to Compute 
the Failure Probability

The failure probability of an SRAM cell due to the impact of 
an ion strike is PF = P(Qcoll ≥ Qcrit) . Then, the non-failure 
probability ( P(Qcoll < Qcrit) ) is PNF = 1 − PF . PF can be 
obtained by using the bivariate normal distribution [18],

where � is the correlation factor between Qcrit and Qcoll.
Qcrit and Qcoll (for k̂ and 𝚥  directions) have been mod-

eled as a function of the process parameters and NFIN. 
Normal distributions Qcrit and Qcoll (for k̂ and 𝚥  directions) 
are obtained using a full factorial DOE with three levels 
for each parameter (See Eqs. 3 and 4). The experiments 
defined by DOE analysis are carried out with TCAD 
Sentaurus.

The correlation between Qcrit and Qcoll is given by [18],

The term E[QcollQcrit] is the expected value of the prod-
uct of the random variables Qcoll and Qcrit . This product 

(1)R =

Qcrit − Qcoll

Qcrit

(2)

f (x, y)Qcrit ,Qcoll
=

1

2��Qcrit
�Qcoll

√
1− �2

exp

�
−

1

2(1 − �2)

�
(x−�Qcrit

)
2

�2
Qcrit

−2�
(x−�Qcrit

)(y−�Qcoll
)

�Qcrit
�Qcoll

+

(y−�Qcoll
)
2

�2
Qcoll

��

(3)
Qcoll|k̂,𝚥 = 𝛽0 + 𝛽1.NFIN + 𝛽2.TFIN + ...

+ 𝛽i.TFIN.L + ... + 𝛽n.HFIN
4

(4)
Qcrit = �0 + �1.NFIN + �2.TFIN + ...

+ �i.TFIN.L + ... + �n.HFIN
4

(5)� =

E[QcollQcrit] − �Qcoll.�Qcrit

�Qcoll.�Qcrit

Fig. 10   Collected charges for an oxygen ion strike. Used energy is 
18keV in the k̂ direction, and 100keV in the 𝚥 direction, HFIN=16nm
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can be obtained by using a Taylor Series expansion over 
the Qcrit and Qcoll . Let us make Qcoll = f (�x1

, ...,�xm
) and 

Qcrit = f (�x1
, ...,�xm

) . E[QcollQcrit] in Eq. (5) can be obtained 
by applying the definition of the expected value of a prod-
uct and central moments to the random variables,

The � value can be computed using Eqs. (5) and (6). In 
Fig. 11 is illustrated the � behavior as a function of HFIN. 
It can be observed that � decreases as HFIN increases for 
both ion strike directions. Similarly, the � behavior as a 
function of NFIN can be obtained.

5.3 � Analysis of the Failure Probability of SRAM Cells 
due to an Ion Strike

Figure 12 shows the non-failure probability ( PNF ) of the 
1-fin SRAM cell for strikes in the k̂ and 𝚥  directions. PNF is 
illustrated for two energy values of the ion strike (18keV and 
80keV). Figure 12a shows the non-failure probability in k̂ 
( Pk ) and 𝚥  ( Pj ) directions for an oxygen ion with an energy 
of 18keV. It can be observed that Pk exponentially decreases 
as HFIN increases. Pk is 0.97 for HFIN=12.5nm, while Pk 
is 0.86 for HFIN=23nm. On the other hand, Pj is 0.96 for 
HFIN=12.5nm and barely increases as HFIN increases.

Figure  12b shows the non-failure probability of the 
1-fin SRAM cell for an oxygen ion with an energy of 80 
keV. It can be observed that Pk decreases linearly as HFIN 
increases. The value of Pk for an oxygen ion with an energy 
of 80keV is considerably smaller than for the oxygen ion 

(6)

E[QcollQcrit] = QcollQcrit +
1

2

m∑

i=1

[
Qcrit

�2Qcoll

�x2
i

+ 2
�Qcoll

�xi

�Qcrit

�xi
+ Qcoll

�2Qcrit

�x2
i

]
�2
xi

with an energy of 18keV. The smaller Pk is because for the 
oxygen ion with the energy of 80keV, the value of Qcoll is 
nearly the value of Qcrit . Similarly, the value Pj is smaller for 
the oxygen ion with the energy 80keV than for the oxygen 
ion with the energy of 18keV. Pj is 0.55 for HFIN=12.5nm 
and barely increases as HFIN increases.

It should be noted that the behavior of the non-failure 
probability as a function of HFIN obtained analytically (See 
Fig. 12) agrees with that observed in the graphical analysis 
approximation (See Fig. 14).

Figure 13 shows the non-failure probabilities for the 1-fin 
and 2-fin SRAM cells. PNF is illustrated only for a single 
energy value of the ion strike (80 keV). For an ion strike 
in the k̂ direction, it can be observed that the non-failure 
probability increases as the number of fins increases. The 
non-failure probability rises because it has been assumed 
that a single ion strikes the device, and the critical charge 
increases for more fins. For an ion strike in the 𝚥  direction, 

Fig. 11   Correlation factor as a function of HFIN. Oxygen ion strike 
of 18keV

Fig. 12   Non-failure probability for 1-fin SRAM cell
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it can be observed that the non-failure probability decreases 
as the number of fins increases. The non-failure probabil-
ity decreases because the sensitive area to collect charge 
increases as the number of fins increases.

5.4 � Verification of the Proposed  
Analytical Formulation

Because Monte Carlo simulations would require a signif-
icant amount of time in TCAD Sentaurus, the consistent 

behavior of the proposed analytical formulation is verified 
by graphical analysis. Figure 14 illustrates the approximated 
non-failure probability using graphical analysis. For the k̂ 
direction, the mean and standard deviation are obtained 
from Fig. 9a. Note that an oxygen ion with an energy of 
18 keV was used. The 𝚥  direction data have been similarly 
obtained. Let us assume there is no correlation between Qcrit 
and Qcoll . The memory cell has a failure for those values of 
Qcoll greater than Qcrit.

–	 For an ion strike in the k̂ direction (See Fig. 14a), 
it can be observed that the intersection area of the 
normal distribution of Qcoll with Qcrit increases as 
HFIN increases. Hence, the possibility of a non-
failure occurrence of the memory cell reduces as 
HFIN reduces. This behavior is consistent with that 
observed in Fig. 12a.

–	 For an ion strike in the 𝚥  direction (See Fig. 14b), it can 
be observed that the intersection area of the normal dis-
tribution of Qcoll with Qcrit decreases as HFIN increases. 
Hence, the possibility of a non-failure occurrence of the 
memory cell increases as HFIN increases. This behavior 
is consistent with that observed in Fig. 12a.

6 � Summary Results and Remarks

Next, the results are summarized and their implications are 
suggested.

Fig. 13   Non-failure probabilities for 1-fin and 2-fin SRAM cells for a 
strike with an oxygen ion with an energy of 80keV, HFIN=16nm

Fig. 14   Non-failure probability 
approximation by graphical 
analysis
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HFIN.- For an incident ion strike in the k̂ direction, the 
results obtained in this paper show that both the critical 
charge and the collected charge increase as HFIN increases, 
and as a consequence of the combined effect, the non-failure 
probability decreases as HFIN increases. For an incident ion 
strike in the 𝚥  direction, the non-failure probability barely 
changes as HFIN increases.

Number of fins.- For an incident ion strike in the k̂ direc-
tion, the non-failure probability increases as the number of fins 
increases. For an incident ion strike in the 𝚥 direction, the non-
failure probability decreases as the number of fins increases.

The obtained results suggest that increasing the number 
of fins is an effective way to reduce the non-failure probabil-
ity. Regarding the incident direction of the ion strike, setting 
up a proper orientation of the electronic equipment in the 
field may increase the robustness against radiation-induced 
effects as suggested in [29].

As a result of this work, it has been found that process 
variations significantly influence the performance of the 
FinFET SRAM memory cell under radiation effects. An 
analytical formulation to compute the failure probability of 
a FinFET SRAM cell has been proposed. Our work is based 
on an oxygen ion striking the FinFET SRAM memory cell, 
but our methodology can be extended to another type of 
striking particles.

7 � Conclusion

The behavior of FinFET-based memory cells to radiation-
induced effects has been studied using TCAD tools. Our 
main concern is the impact of HFIN and NFIN on memory 
cell behavior. The results show that HFIN and NFIN impact 
the robustness of the memory cell under radiation-induced 
effects. The ion strike direction also plays an essential role in 
memory behavior. An analytical method considering process 
variations has been proposed to evaluate the failure probabil-
ity due to radiation-induced effects in the memory cell. The 
impact of HFIN and NFIN is highlighted in the evaluation 
of the failure probability. Collected and critical charges of 
the memory cells used to evaluate the failure probability are 
obtained with TCAD tools. The behavior of the proposed 
method is in full agreement with graphical analysis. The 
proposed method can be used to get insight into the robust-
ness of the SRAM cell to radiation induced effects, as func-
tion of HFIN and NFIN. Therefore, the proposed method 
can be used to guide defining the required HFIN and NFIN 
in the upcoming FinFET technologies. Embedded memory 
systems devoted to high-end applications will benefit the 
most from the proposed method.
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