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Three-dimensional (3D) TCAD simulations demonstrate that reducing the distance between the well boundary and
N-channel metal–oxide semiconductor (NMOS) transistor or P-channel metal–oxide semiconductor (PMOS) transistor
can mitigate the cross section of single event upset (SEU) in 14-nm complementary metal–oxide semiconductor (CMOS)
bulk FinFET technology. The competition of charge collection between well boundary and sensitive nodes, the enhanced
restoring currents and the change of bipolar effect are responsible for the decrease of SEU cross section. Unlike dual-
interlock cell (DICE) design, this approach is more effective under heavy ion irradiation of higher LET, in the presence of
enough taps to ensure the rapid recovery of well potential. Besides, the feasibility of this method and its effectiveness with
feature size scaling down are discussed.

Keywords: TCAD simulation, FinFET, single event upset (SEU) mitigation
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1. Introduction
Dual-interlock cell (DICE) design has been widely used

in hardened static random-access memory (SRAM) devices to
reduce the occurrence of single event upset (SEU) in space
environment. In theory, the SEU can be eliminated when
only one sensitive node is affected in an SRAM cell with
DICE design.[1] With the development of digital integrated
circuits, the integration increases strongly, which causes the
distance between sensitive nodes to decrease in DICE. Un-
der the action of charge sharing, charge collection can occur
in multiple nodes simultaneously, which weakens the protec-
tion of DICE from the SEU.[2–4] In sub-100-nm technology,
the DICE becomes vulnerable to the SEU.[5,6] For a 40-nm
bulk technology node, the effects of DICE design on proton
and neutron single-event are negligible.[7] Accordingly, dual
DICE interleaving design which can increase the distance be-
tween the sensitive nodes in DICE was proposed as a feasible
solution.[8,9] For a commercial 65-nm CMOS technology, the
dual DICE interleaving cells show about 2–3 orders of magni-
tude lower in SEU cross sections than the 6T-SRAM cells due
to the 2-µm nodal spacing of sensitive pairs,[5] for which the
charge sharing between devices is significantly reduced.[10]

However, taking 22-nm SOI FinFET device for example, the
width of an SRAM cell is about 0.2 µm,[11] which means the
0.4-µm nodal spacing even for an interleaving DICE. There-
fore, for sub-22-nm technology, especially for FinFET device,

which has higher integration than the planar device, we infer
that the protection of dual DICE interleaving from SEU will
also be greatly weakened.

On the other hand, radiation hardened by design (RHBD)
for single event transient (SET) mitigation has been widely
studied. Many methods have been proposed, such as source
extension,[12] high density well contact (HDWC),[13] pulse
quenching layout,[14] and NMOS location adjustment.[15]

Although the SET width is closely related to the SEU,
these methods are rarely applied to SEU mitigation. Probably,
the main reason is not so effective than the DICE or the triple
modular redundancy (TMR).[16] The source extension design
in the 65-nm technology sets up 25% area of dissipation and
reduces 19.0% of SET pulse width for heavy ion with an LET
value of 32.5 MeV·cm2/mg.[12] The pulse quenching layout
can be applied only to the logic gates with multiple stages.[17]

For the NMOS transistor location adjustment technology, at
the minimum distance (160 nm) between NMOS transistor
and N-well, the average SET pulse width of 65-nm inverter
can be reduced to 18.6% for Ge ion irradiation, while the SET
map has not been significantly changed compared withthe SET
mapof the maximum distance.[15] In particular, solid guard
rings or intermittent rings are used in DICE to prevent the sin-
gle event latchup (SEL) and charge sharing to occur,[8] which
also inhibits the bipolar amplification of PMOS, so are they in
HDWC.
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In consideration of the increased integration with scal-
ing down, for example, in 22-nm bulk FinFET, the distance
between NMOS and N-well decreases to about 40 nm,[18]

which will enhance the absorption capacity of N-well to elec-
trons around off-NMOS drain and the restoring current of
PMOS.[15] Therefore, we think that the NMOS transistor lo-
cation adjustment design to mitigate single event response
becomes more effective. On the other hand, in sub-22-nm
technology node, keeping the nodal spacing between sensitive
nodes of DICE increasing to 2 µm is hard and will lead the
power dissipation to increase, and speed to decrease and the
topology to turn complex. Therefore, the influence of MOS-
FET locations on SEU cross section of advanced SRAM cell
deserves to be further studied.

In this work, through mixed-mode 3D-TCAD simulation,
the influences of NMOS location and PMOS location on SEU
cross section are analyzed. The effect of reducing the dis-
tance between PMOS and P-substrate on SET pulse width has
not been studied,[15] because the results[19] demonstrated that
the distance between PMOS and N-well tap should be mini-
mum for P-hit SET mitigation. Considering this problem can
be addressed by adding N-well tap or adjusting the tap loca-
tion, the influence of PMOS location is also studied in our
simulation. The result shows that the SEU cross sections of
PMOS and NMOS decrease significantly by reducing the dis-
tance between well boundary and metal–oxide–semiconductor
field-effect transistors (MOSFETs). Besides, by enhancing the
stabilizing effect of taps on N-well and P-substrates, the inhi-
bition effect of MOSFET location adjustment on SEU is more
significant for higher LET ion irradiations. Furthermore, the
feasibility of this method is also discussed in detail.

2. Simulation setup
2.1. Principle

When ions pass through static random-access memory
(SRAM), electron–hole pairs are generated along the ion tra-
jectories. The off-NMOS (NMOS2) and off-PMOS (PMOS1)
are both sensitive nodes of SRAM cell as shown in Fig. 1(a).

Taking the off-NMOS for example, after electron–hole
pairs are generated, the drain collects deposited electrons, re-
sulting in SEU. At the same time, the built-in electric field
at the N-well boundary also absorbs the deposited electrons
to N-well, competing with the off-NMOS drain as shown in
Fig. 1(b). Besides, the deposited electrons in N-well causes
the electrostatic potential to decrease, triggering the bipolar ef-
fect of PMOS and generating restore current in the on-PMOS
drain.[15]

For the off-PMOS, the physical process is similar, ex-
cept that the collected charge is hole and the bipolar effect of
NMOS is weaker due to the structure of P-substrate.[12]
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Fig. 1. Schematic diagram of (a) SRAM cell and (b) competition between
off-NMOS drain and well boundary.

2.2. Distribution of incident ions

The charge collection and single-event response will be
affected by ionization track structure[20,21] while the normal-
ized distribution of ion track is determined mainly by the ion
energy (MeV/amu).[22] To avoid the influence of normalized
distribution and ensure the accuracy of the simulation, the
structure of 10-MeV/amu krypton is set as the input model
(see Fig. 2) in TCAD simulation, based on Geant4 simulation
result of related investigation.[23]
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Fig. 2. Gaussian fitting of ion track structure[23] for krypton ion from 10-
MeV/amu cocktails. The charge distributions of different LET ions can be
achieved by multiplying the structure by LET/LETKr.
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The fitting formula of normalized distribution is shown as
follows:

R(r) = ∑An ·
1

π ·W 2
n

exp
(
−
(

r
Wn

)2)
(1)

with A1–A7 being 0.01, 0.02, 0.03, 0.03, 0.05, 0.08, 0.076;
W1–W7 being 900, 600, 280, 140, 56, 18, 14 (in unit nm).

2.3. TCAD model simplification and calibration

The SET in two interlocking inverters determines whether
the SRAM cell is upset . Therefore, to save computational re-
sources, the two NMOS transistors only for “read” and “write”
are omitted in our simulation.

The 3D-TCAD mixed models are built up using Sentau-
rus TCAD simulator. Referring to the predictive technology
model (PTM) from Arizona State University[24] and 14-nm
FinFET model document,[25] the channel length, the fin width
at top and those at bottom are 15 nm, 10 nm, and 40 nm,
respectively. For the high-k gate dielectric, two monolayers
of SiO2 interlayer (6 Å) and HfO2 (17 Å) are built. The Id–
Vg curves of NMOS and PMOS are and the Id–Vg curves of
14/16-nm planar devices are calibrated by LT-Spice simulator,
referring to Ref. [26]. Besides, in consideration of the better
grid control-ability in FinFET on subthreshold slope, the curve
(see Fig. 3) is adjusted to 15-nm FinFET Id–Vg characteristics
in Ref. [27]. It was demonstrated in Ref. [28] that the influ-
ence of inverter transient switching time on single-event effect
cannot be ignored. Therefore, the switching time in our sim-
ulation is calibrated to be less than 1 ps,[29] ensuring that the
SRAM cell is sensitive to small LET ions. The bias depen-
dence of SEU cross section calculated by this TCAD model is
consistent with the experiment result in Ref. [30].
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Fig. 3. Characteristic curve of drain current versus gate voltage of 3D-
TCAD 16-nm NMOS model with 0.1-V source–drain voltage.

2.4. Simulation process

The layout diagram of simulation model is illustrated in
Fig. 4. Figure 4(a) shows the high integration of transistors
under the influence of the N-well boundary and adjacent tran-
sistors. Referring to Refs. [11,31] the width of N-well and
P-substrate are set to be 200 nm. The distance of NMOS and

PMOS to N-well boundary are both LM. By adjusting LM, the
influence of MOSFET location on SEU map is analyzed. Fig-
ure 4(b) acts as a contrast to analyze the SEU map without
the influence of well boundaries. The PMOS and NMOS are
located in the center of N-well and P-substrate respectively,
which are both 3 µm in width, ensuring that the transistors are
almost unaffected by N-well boundary and the restoring cur-
rent in the same inverter. By comparing the SEU maps under
layouts of Figs. 4(a) and 4(b), the influence of well boundaries
and restoring current on SEU cross section can be presented.
Besides, it can help distinguish between the sensitive points
belonging to off-NMOS drain and off-PMOS drain in the SEU
maps under the layouts of Fig. 4(a).

Center of off NMOS drain

Taps

Well bounary

200 nm

200 nm

LM

NMOS

PMOS

LM

LT

1.5 mm

1.5 mm

1.5 mm

1.5 mm

0.8 mm

0.8 mm

0.8 mm

(a)

(b)

Fig. 4. (a) In consideration of the effect of well boundary and adjacent tran-
sistors on SEU cross section and (b) their contrast (pull away the distance
between the boundary and the transistor to 1.5 µm). For clarity, shallow
trench isolation (STI) layer and polysilicon are removed. LT represents the
distance between taps and the center of off-NMOS drain. Taps are located
on both sides of the off-NMOS.

The SEU maps are obtained by normal incident ions lo-
cated around the sensitive transistors. The sum of areas where
the incident ions pass and cause the SEU is the cross section.

3. Results and analysis
3.1. SEU mitigation of different LET ion irradiations

The SEU maps are shown in Fig. 4(a) with 0.8-µm LT

and 40-nm LM and Fig. 4(b) to prove that well boundary and
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the restoring current affect the SEU cross section. Besides, the
changes of inhibition degree on SEU cross section with differ-
ent LET ion irradiations are studied as shown in Fig. 5 and
Table 1.

LET=33.2 MeVScm2/mg

N well

N well

N well

LET=16.6 MeVScm2/mg

LET=1 MeVScm2/mg Off PMOS

Off NMOS

On PMOS

On NMOS

Sensitive area
(upset point)

Insensitive area
(non upset point)

200 nm(a) (b) (c)

(a) (b) (c)

(a) (b) (c)

Fig. 5. SEU map of (a) NMOS and (b) PMOS with well boundary pulled
away. (c) SEU map of SRAM cell.

Table 1. SEU cross section ratio (σ40/σb) with LET.

LET (MeV·cm2/mg) 33.2 16.6 1

PMOS (%) 63.1 87.7 89.5
NMOS (%) 84.2 62.3 74.8

σ40 and σb represent the SEU cross sections in Fig. 4(a) with LT of
0.8 µm, LM of 40 nm, and Fig. 4(b).

As illustrated in Table 1, the SEU cross section ratio of
NMOS is smaller than that of PMOS under the same LET,
and decreases with LET for both NMOS and PMOS except
for NMOS under the irradiation of heavy ion with LET of
33.2 MeV·cm2/mg.

The reason is that the larger cross section is affected se-
riously by well boundary, because the well boundary passes
through the cross section more internally. As shown in Fig. 5,
the cross section in higher LET ion irradiation is larger, and the
cross section of NMOS is larger than that of PMOS. The cross
section of NMOS and PMOS are contrast to that in Ref. [31],
where the pulse widths of P-hit SETs are larger than those of
N-hit. For the 65-nm inverter in Ref. [32], the area of PMOS
is larger than that of NMOS and its parasitic-bipolar effect is

more significant PMOS’s, while for FinFET devices, PMOS
area is the same as NMOS area. Besides, the hole mobility
is much smaller than electron mobility, causing the collected
charge of off-PMOS drain to be reduced by more serious re-
combination (see in Fig. 6). A similar situation is found in
Ref. [33], for the 65-nm bulk CMOS technology, in normal
incident ion with low LET, the pulse widths due to P-hits are
smaller than due to N-hits.

For the NMOS SEU cross section of ions with LET of
33.2 MeV·cm2/mg, we suppose that the abnormal behavior is
caused by the excess deposited electrons, which is hard to con-
trol by well boundary and taps. This part is analyzed in Sub-
section 3.3.
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Fig. 6. Current pulses of single off MOSFET. Normal incident ions are lo-
cated at the drain centers.

3.2. Influence of distance between MOSFET and well
boundary

The SEU maps of SRAM cell, respectively, with LM

of 60 nm, 40 nm, 20 nm under the ion irradiation of
33.2 MeV·cm2/mg, 16.6 MeV·cm2/mg, 1 MeV·cm2/mg are
shown in Fig. 7. The decreasing trends of SEU cross sections
with LM increasing is illustrated as shown in Fig. 8.

3.2.1. Electric potential distribution in well boundary

It is shown that the SEU cross sections decrease faster
with the decrease of LM, and the trends of cross sections de-
creasing with LM become more significant with LET increas-
ing for both PMOS and NMOS except for the NMOS in the
ion irradiation of 33.2 MeV·cm2/mg. This is because of the
non-uniformity of well boundary electric field and bipolar ef-
fect of PMOS. As shown in Fig. 9, when the sensitive node
center approaches to the well boundary, the electric potential
in cross section increases faster and faster, resulting in the ac-
celerating of cross section decreasing with LM increasing and
the influence of large cross section greater than that of small
cross section due to being closer to well boundary. The reason
for the abnormal situation of NMOS in 33.2 MeV·cm2/mg ion
irradiation is similar to that in Subsection 3.1.
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3.2.2. Bipolar effect of PMOS

As shown in Fig. 8, for the same LET, the SEU cross sec-
tion of PMOS decreases faster than that of NMOS. To explain
this phenomenon, in consideration of the fact that the bipolar
amplification effect can significantly improve the SEU sensi-
tivity of PMOS and the bipolar effect of NMOS is not obvious
in NMOS due to the structure of P-substrate,[12] the influence
of LM on the bipolar effect is analyzed and shown in Fig. 10,
taking the ion irradiation of 16.6 MeV·cm2/mg for example.

As illustrated in Fig. 10(a), the incident point is selected
at the left edge of PMOS, because the cross section on the
outside of PMOS is affected by LM seriously (see Fig. 7). The
reason of greater sensitivity inside PMOS is the higher FinFET
structure than N-well, which causes more deposited charges in
silicon when normal incident ions are located in MOSFET.

The variation of current pulses of off-PMOS source with
LM is shown in Fig. 10(b). The current pulse represents the de-
gree of bipolar amplification in PMOS and it is found that the
bipolar amplification decreases with LM. The reason of greater
sensitivity on the inside of PMOS is that the transistor is more
sensitive than well region, causing the ions to pass through the
transistor, thereby depositing more charges in silicon, which
are closer to drain–substrate junction and easier to collect.

Therefore, with the decrease of LM, the competition be-
tween well boundary for collected charge with drain of PMOS
and that of NMOS is enhanced, while the great decrease of
PMOS bipolar effect causes the cross section of PMOS to de-
crease faster than that of NMOS.
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Fig. 10. (a) Location of incident ions and (b) current pulses of off-PMOS
source for ion irradiation of 16.6 MeV·cm2/mg LET.

3.3. Influence of taps on SEU mitigation

As mentioned above, the SEU cross section of NMOS in
33.2-MeV·cm2/mg ion irradiation is abnormal. We suppose
that the boundary electric field is destroyed by too many de-
posited electrons and stabilization effect of taps on the sub-
strate potential is not enough to restore it in a short time.

To examine this proposition, the distance between off-
NMOS drains, i.e., the distance between the center of off-
PMOS drain and tap (LT in Fig. 4) is shorten to 0.4 µm to en-
hance the stabilization effect of tap on well potential, and the
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cross sections of 0.8-µm and 0.4-µm LT are shown in Fig. 11.
The comparison between cross sections with 0.8-µm and 0.4-
µm LT are indicated in Fig. 12.
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Fig. 11. For 33.2-MeV·cm2/mg ion irradiation, the SEU cross sections of
SRAM cell with 0.8-µm, 0.4-µm LT and (a) 60-nm, (b) 40-nm, (c) 20 nm
LM.
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Fig. 12. Comparison between cross sections with 0.8-µm and 0.4-µm LT.

It is found that narrowing LT can exert much greater influ-
ence on NMOS cross section than on PMOS. This result sup-
ports our view. When 33.2-MeV·cm2/mg incident ion passes
through SRAM cell, a large number of electron–hole pairs are
generated. Under the action of well boundary electric field,
electrons and holes are absorbed to the N-well and P-substrate
respectively, thereby reducing the potential of N-well and in-
creasing P-substrate potential. The reducing of potential dif-
ference at well boundary weakens the competitive effect of
well boundary on charge collection at sensitive nodes. Im-
proving the stability of taps to well potential can accelerate
the electron and hole collection processes in the N-well and
P-substrate respectively, restrain the weakening of boundary

electric field and speed up its recovery. Therefore, improv-
ing the stability of taps can reduce the SEU cross section of
NMOS. However, for the PMOS cross section, since the hole
mobility is twice — thrice lower than that of electron, the hole
collection process of PMOS is also prolonged (as shown in
Fig. 6, when incident ion is located at off-PMOS drain center,
hole collection time is longer than electron collection time;
when the incident point is far from the drain center, the dif-
ference in absorption time is further increased). In the whole
process of PMOS hole collection, the ratio of the process of
well boundary potential difference between reduction and re-
covery is much lower than in the process of NMOS, so the
effect of shortening LT on PMOS cross section is smaller.

4. Feasibility analysis
4.1. Tap distribution

For the SRAM hardening, compared with soft error in-
duced by the SEU, the hard error caused by single event
latchup (SEL) can induce device to be damaged, and thus lead-
ing to a greater danger. To prevent the SEL from occurring, the
guard rings are adopted to mitigate parasitic silicon controlled
rectifier (SCR) effect, which are placed between the group of
PMOSs and the group of NMOSs as illustrated in Fig. 13.

N well N well
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N+

P+

N+

P+
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P+

N+

P+

(a) (b)

Fig. 13. (a) Solid and (b) intermittent guard rings in layout fragments of
DICE SRAM blocks.[8]

The presence of guard rings limits the narrowing of
NMOS and PMOS spacing. However, with the feature size
scaling down and low power required in mobile applications,
the supply voltage of the core circuit is usually below 1 V,
which means that the latchup problem will not occur in the
core circuits.[34] In addition to preventing the SEL, the guard
rings, which act as taps, also inhibit the charge sharing, thus
reducing the SEU cross section in DICE.[8] Therefore, for a
combination of transistor location adjustment and DICE de-
sign, the guard ring cannot simply be removed, although the
latchup problem is no longer a concern for the advanced Fin-
FET technology.

Placing guard rings on the outside of NMOS and PMOS
groups seems to be a good method, which can not only meet
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the requirements for narrowing the distance between NMOS
and PMOS, but also inhibit the charge sharing. Besides, as
mentioned in Subsection 3.3, the guard rings can also improve
the stability of well potential, increasing the inhibiting effect
of well boundary on SEU cross section in high LET ion irra-
diation.

4.2. Semiconductor processes

In our simulation, the distances between transistors and
well boundary are set to be 60 nm, 40 nm, and 20 nm (LM).
The 20-nm datum is cited from the report[35] issued by In-
tel, which demonstrates that the minimum transistor fin pitch
is 42 nm. It is worth nothing that the minimum fin pitch is
generally achieved between the transistors of the same type,
like NMOS. Owing to the presence of well boundary be-
tween NMOS and PMOS, the minimum LM should be slightly
greater than half the minimum fin pitch. The simulation is in-
tended to present the variation trend of SEU cross section with
LM, where the 20-nm LM just represents an extreme case. In
the actual chip design process, the LM should be minimized
while meeting the design rule check (DRC) rules to reduce the
SEU sensitivity of SRAM cells.

4.3. Scaling down of feature size

The device profile in Ref. [18] shows that the distance of
32-nm planar device and the distance of 22-nm FinFET device
between NMOS and well boundary both decrease from 90 nm
to 40 nm roughly. Meanwhile, the report[35] showed the metal
pitch of logic area decreases by 30% (from 22 nm to 14 nm
in feature sizes), where the metal pitch is linearly related to
the distance between NMOS and well boundary. Furthermore,
this trend will continue with scaling down (see in Fig. 14).
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Fig. 14. (a) Logic area scaling metric[35] and (b) metal interconnect pitch
scaling.[34]

As mentioned in Subsubsection 3.2.1, there is a non-
uniform potential distribution at the well boundary, and the
electric field is stronger as it is closer to the boundary. With the
increase of chip integration, the allowable minimum distance
between MOSFET and the well boundary decreases. There-
fore, it can be inferred that the influence of the well boundary
electric field on charge collection of sensitive nodes is greater,
and the inhibiting effect of reducing the spacing on cross sec-
tion is stronger.

5. Conclusions
Reducing the spacing between well boundary and tran-

sistor can inhibit the charge collection at sensitive nodes of
NMOS and PMOS, increase the restoring current of transis-
tors and inhibit the bipolar effect of off-PMOS, which reduces
the SEU cross section significantly. The TCAD simulations
demonstrate that for the P-hit under the 33.2-MeV·cm2/mg ion
irradiation, the cross section can be reduced by 55.2%, when
the distance between MOSFET and boundary decreases from
60 nm to 20 nm. Unlike the DICE design, in the presence of
enough taps to ensure the stability of well electrostatic poten-
tial, the inhibiting effect by the MOSFET location adjustment
is more effective for cross section under the high LET ion irra-
diations. In consideration of the fact that for the core circuits
of advanced FinFET devices the SEL will not occur and DICE
designs are difficult to prevent SEU, the location optimization
of the NMOS spacing and the PMOS spacing are useful for
the SEU mitigation and can be used as a complement to DICE
design.

Acknowledgement
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 12035019, 11690041, and
62004221).

References
[1] Calin T, Nicolaidis M and Velazco R 1996 IEEE Trans. Nucl. Sci. 43

2874
[2] Amusan O A, Witulski A F, Massengill L W, Bhuva B L, Fleming P

R, Alles M L, Sternberg A L, Black J D and Schrimpf R D 2006 IEEE
Trans. Nucl. Sci. 53 3253

[3] Giot D, Roche P, Gasiot G and Harboe-Sørensen R 2007 IEEE Trans.
Nucl. Sci. 54 904

[4] Giot D, Roche P, Gasiot G, Autran J L and Harboe-Sørensen R 2008
IEEE Trans. Nucl. Sci. 55 2048

[5] Gorbunov M S, Dolotov P S, Antonov A A, Zebrev G I, Emeliyanov
V V, Boruzdina A B, Petrov A G and Ulanova A V 2014 IEEE Trans.
Nucl. Sci. 61 1575

[6] Luo Y H, Zhang F Q, Guo H X and Hajdas W 2020 Acta Phys. Sin. 69
018501 (in Chinese)

[7] Loveless T D, Jagannathan S, Reece T, Chetia J, Bhuva B L, McCurdy
M W, Massengill L W, Wen S J, Wong R and Rennie D 2011 IEEE
Trans. Nucl. Sci. 53 1008

[8] Gorbunov M S, Boruzdina A B and Dolotov P S 2016 IEEE Trans.
Nucl. Sci. 63 2250

[9] Luo Y H, Chen W, Zhang F Q and Wang T 2021 Chin. Phys. B 30
048502

[10] Amusan O A, Massengill L W, Baze M P, Bhuva B L, Witulski A F,
Black J D, Balasubramanian A, Casey M C, Black D A, Ahlbin J R and
Reed R A 2009 IEEE Trans. Dev. Mater. Rel. 9 311

[11] Raine M, Gaillardin M, Lagutere T, Duhamel O and Paillet P 2018
IEEE Trans. Nucl. Sci. 65 339

[12] Chen J J, Chen S M, He B Y, Chi Y Q, Qin J R, Liang B and Liu B W
2012 IEEE Trans. Nucl. Sci. 59 2859

[13] Narasimham B, Bhuva B L, Schrimpf R D, Massengill L W, Gadlage
M J and Holman W T 2008 IEEE Trans. Nucl. Sci. 55 1708

[14] Chen J J, Chi Y Q and Liang B 2015 Chin. Phys. B 24 016012
[15] Wu Z Y and Chen S M 2018 IEEE Trans. Nucl. Sci. 65 418
[16] Ramamurthy C, Chellappa S, Vashishtha V, Gogulamudi A and Clark

L T 2015 IEEE Trans. Nucl. Sci. 62 3040

056106-7

http://dx.doi.org/10.1109/TNS.23
http://dx.doi.org/10.1109/TNS.23
http://dx.doi.org/10.1109/TNS.2006.884788
http://dx.doi.org/10.1109/TNS.2006.884788
http://dx.doi.org/10.1109/TNS.2007.902360
http://dx.doi.org/10.1109/TNS.2007.902360
http://dx.doi.org/10.1109/TNS.2008.916063
http://dx.doi.org/10.1109/TNS.2008.916063
http://dx.doi.org/10.1109/TNS.2014.2319154
http://dx.doi.org/10.1109/TNS.2014.2319154
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.1109/TNS.2016.2549749
http://dx.doi.org/10.1109/TNS.2016.2549749
http://dx.doi.org/10.1088/1674-1056/abcf38
http://dx.doi.org/10.1088/1674-1056/abcf38
http://dx.doi.org/10.1109/TDMR.2009.2019963
http://dx.doi.org/10.1109/TNS.2017.2779786
http://dx.doi.org/10.1109/TNS.2017.2779786
http://dx.doi.org/10.1109/TNS.2012.2212457
http://dx.doi.org/10.1109/TNS.2008.920260
http://dx.doi.org/10.1109/TNS.2017.2783935
http://dx.doi.org/10.1109/TNS.2015.2498919


Chin. Phys. B 31, 056106 (2022)

[17] Atkinson N M, Witulski A F, Holman W T, Ahlbin J R, Bhuva B L and
Massengill L W 2011 IEEE Trans. Nucl. Sci. 58 885

[18] Karp J, Hart M J, Maillard P, Hellings G and Linten D 2018 IEEE
Trans. Nucl. Sci 65 217

[19] Amusan O A, Massengill L W, Bhuva B L, Dasgupta S, Witulski A F
and Ahlbin J R 2007 IEEE Trans. Nucl. Sci. 54 2060

[20] Raine M, Valentin A, Gaillardin M and Paillet P 2012 IEEE Trans.
Nucl. Sci. 59 840

[21] Raine M, Gaillardin M, Paillet P and Duhamel O 2014 IEEE Trans.
Nucl. Sci. 61 1791

[22] Akkerman A, Barak J and Emfietzoglou D 2005 Nucl. Instrum. Method
Phys. Res. B 227 319

[23] Raine M, Hubert G, Gaillardin M, Artola L, Paillet P, Girard S,
Sauvestre J E and Bournel A 2011 IEEE Trans. Nucl. Sci. 58 840

[24] http://ptm.asu.edu
[25] Synopsys 2013 Three-dimensional Simulation of 14/16 nm FinFETs

with Round Fin Corners and Tapered Fin Shape
[26] Yu J T, Chen S M, Chen J J and Huang P C 2016 16th European Con-

ference on Radiation and Its Effects on Components and Systems, 2016
Bremen, Germany, pp. 1–4

[27] Wu Y C and Jhan Y R 2018 3D TCAD Simulation for CMOS Na-
noeletronic Devices (Taiwan: Springer) pp. 185–195

[28] Nsengiyumva P, Massengill L W, Alles M L, Ball D R, Kauppila J S,
Schrimpf R D, Reed R A, Bhuva B L and Holman W T 2017 42nd
Government Microcircuit Appl. Critical Technol March, 2017

[29] Nsengiyumva P, Massengill L W, Alles M L, Bhuva B L, Ball D R,
Kauppila J S, Haeffner T D, Holman W T and Reed R A 2017 IEEE
Trans. Nucl. Sci. 59 2666

[30] Harrington R C, Kauppila J S, Maharrey J A, Haeffner T D, Sternberg
A L, Zhang E X, Ball D R, Nsengiyumva P, Bhuva B L and Massengill
L W 2019 IEEE Trans. Nucl. Sci. 66 1427

[31] Horiguchi N, Demuynck S, Ercken M, et al. 2010 Proceedings of the
IEEE Symposium on Vlsi Technology, pp. 23–24

[32] Gadlage M J, Ahlbin J R, Narasimham B, Bhuva B L, Massengill L W
and Schrimpf R D 2011 IEEE Trans. Dev. Mat. Rel. 11 179

[33] Jagannathan S, Gadlage M J, Bhuva B L, Schrimpf R D, Narasimham
B and Chetia J 2010 IEEE Trans. Nucl. Sci. 57 3386

[34] Dai C T, Chen S H, Linten D, Scholz M, Hellings G, Boschke R, Karp
J, Hart M, Groeseneken G, Ker M D, Mocuta A and Horiguchi N 2017
IEEE International Reliability Physics Symposium, 2–7 April, 2017,
Monterey, CA, USA pp. EL-1.1–EL-1.3

[35] https://www.intel.com/content/dam/www/public/us/en/documents/pdf/
foundry/mark-bohr-2014-idf-presentation.pdf

056106-8

http://dx.doi.org/10.1109/TNS.2010.2097278
http://dx.doi.org/10.1109/TNS.2017.2779831
http://dx.doi.org/10.1109/TNS.2017.2779831
http://dx.doi.org/10.1109/TNS.2007.907754
http://dx.doi.org/10.1109/TNS.2014.2330455
http://dx.doi.org/10.1109/TNS.2014.2330455
http://dx.doi.org/10.1016/j.nimb.2004.08.020
http://dx.doi.org/10.1016/j.nimb.2004.08.020
http://dx.doi.org/10.1109/TNS.2011.2109966
http://dx.doi.org/10.1109/TNS.2012.2218128
http://dx.doi.org/10.1109/TNS.2012.2218128
http://dx.doi.org/10.1109/TNS.23
http://dx.doi.org/10.1109/TDMR.2010.2102354

	1. Introduction
	2. Simulation setup
	2.1. Principle
	2.2. Distribution of incident ions
	2.3. TCAD model simplification and calibration
	2.4. Simulation process

	3. Results and analysis
	3.1. SEU mitigation of different LET ion irradiations
	3.2. Influence of distance between MOSFET and well boundary 
	3.2.1. Electric potential distribution in well boundary
	3.2.2. Bipolar effect of PMOS

	3.3. Influence of taps on SEU mitigation

	4. Feasibility analysis
	4.1. Tap distribution
	4.2. Semiconductor processes
	4.3. Scaling down of feature size

	5. Conclusions 
	References

