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Charge sharing is becoming an important topic as the feature size scales down in fin field-effect-transistor (FinFET)
technology. However, the studies of charge sharing induced single-event transient (SET) pulse quenching with bulk FinFET
are reported seldomly. Using three-dimensional technology computer aided design (3DTCAD) mixed-mode simulations,
the effects of supply voltage and body-biasing on SET pulse quenching are investigated for the first time in bulk FinFET
process. Research results indicate that due to an enhanced charge sharing effect, the propagating SET pulse width decreases
with reducing supply voltage. Moreover, compared with reverse body-biasing (RBB), the circuit with forward body-biasing
(FBB) is vulnerable to charge sharing and can effectively mitigate the propagating SET pulse width up to 53% at least.
This can provide guidance for radiation-hardened bulk FinFET technology especially in low power and high performance

applications.
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1. Introduction

With technology scaling beyond 22-nm node, traditional
planar transistors are vulnerable to undesirable short channel
effects (SCEs), which present the most important constraints
to complementary metal-oxide—semiconductor (CMOS) scal-
ing rules. Owing to the superior electrostatic scalabil-
ity and better gate controllability over the channel (fin),
Fin field-effect-transistors (finFETs) are widely recognized
as a most promising candidate for traditional bulk CMOS
transistors.!?] As a consequence, FinFET technologies are
currently becoming the mainstream process in the leading
semiconductor manufacturers. !

The pulse quenching has been reported in CMOS
logical circuits and is widely identified as the result of
multi-node charge collection between the electrically related
transistors.4~®! This would reduce the propagated single-event
transient (SET) pulse width, which is beneficial to reducing
the soft errors.”8) Much work has been done to investigate
the pulse quenching in planar CMOS logic circuits.[*~1?! As
the feature size of transistor and space between devices scale
down, the charge sharing effect (also called the multi-node
charge collection) is becoming an important topic in FinFET

13,141 However, to the best of our knowledge, little

technology.!
work has been done on the SET pulse quenching in those novel
FinFET devices. Besides, with the reducing supply voltage as
technology scales down, body-biasing has become an efficient

control technique for optimizing the performance and power
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of devices.!!>16] The charge collection and well potential will
also be affected by body-biasing when a single-event occurs
in the circuit.!'” Thus, it is important to analyze the effects of
body-biasing on charge collection and the resulting SET pulse
quenching in the FinFET process.

In the present work, 3D TCAD mixed-mode simulations
are performed to investigate the influences of supply voltage
and body-biasing on the pulse quenching effect in a two-stage
inverter chain in bulk FinFET process. Simulation results
show that the SET pulse propagated to the passive p-FinFET
decreases with supply voltage decreasing. Moreover, com-
pared with the reverse body-biasing (RBB) circuit, the forward
body-biasing (FBB) circuit is vulnerable to charge sharing and
exhibits a mitigation of the propagating SET pulse about 53%
at least. The rest of this paper is organized as follows. In
Section 2 the TCAD simulation setup is presented. In Sec-
tion 3 the simulation results are provided and the influences of
supply voltage and body-biasing on SET pulse quenching are
discussed. Finally, the conclusions are drawn from the present
study in Section 4.

2. Simulation setup

Synopsys Sentaurus TCAD H-2013.03-SP1 is employed
to investigate the effects of supply voltage and body-biasing on
the pulse quenching in a two-stage inverter chain under bulk
FinFET process. Figure 1 shows the 3D TCAD model of two
bulk p-FinFETs in the dual-well process. For the simulated
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p-FinFET device, the gate oxide is 1.2-nm thick and the gate
work function used is a default value (4.9 eV for p-Si). The
doping concentrations of the source region and the drain re-

gion are both 102 cm™3

. The peak doping levels in the fin
(channel) and N-well are 10'® cm~3 and 10'7 cm ™3, respec-
tively. Table 1 shows the geometrical structure parameters of
the p-FinFET. The FinFET device is calibrated with reference
to the I-V characteristics of a planar device under the 28-nm

process.

ion
strike

(a)

Fig. 1. (color online) (a) 3D TCAD model of the two bulk p-FinFETs in the
dual-well process, (b) a zoomed view of the hit p-FinFET and the adjacent
p-FinFET.

Table 1. Geometrical structure parameters of the p-FinFET.

Geometry parameters/nm p-FinFET
Effective width: Wg 150
Gate length: Lg 28
Drain/source length: Lp /s 100
Drain/source width: Wp 5 50
Fin width: Wg 50
Fin length: L 50
Fin height: Hg 50

Vaa oY
4

contact

Fig. 2. (color online) Schematic configuration of the mixed-mode sim-
ulation setup for a two-stage inverter chain. The TCAD p-FinFETs
are cut in the middle of the gate along the source/drain direction (X—
Z plane).
As illustrated in Fig. 2, the mixed-mode simulation setup
for a two-stage inverter chain is comprised of two TCAD
p-FinFET devices and two NMOS SPICE models. The p-

FinFET in the first stage (Invl from Fig. 2) represents the

hit device while the p-FinFET in the second stage (Inv2 from
Fig. 2) represents the adjacent device. The gates of Invl and
Inv2 are separately biased at supply voltage Vg4 and the output
of the Inv1, respectively. The source of the p-FinFET device is
biased at Vgq. The N-well contact is related to a voltage defined
as V. In our simulation, the voltage difference (Vy,) between
Vaa and V,, is referred to as the body-biasing. Based on the
voltage difference, forward body-biasing (FBB) involves ap-
plying a positive value, while the reverse body-biasing (RBB)
refers to a negative one.

In the following sections, the p-FinFET struck by heavy-
ion is defined as the active device, while the adjacent p-
FinFET is termed the passive device. The space between the
active and passive FinFETs is 120 nm, and simulations are
conducted for normal strike on the drain center of the ac-
tive device with an ion linear energy transfer (LET) value of
20 MeV-cm?/mg. The following physical models are used in
the simulations: 1) Fermi—Dirac carrier statistics; 2) band-gap
narrowing effect; 3) doping-dependent Shockley—Read—Hall
(SRH) and Auger recombination; 4) effects of temperature,
doping, electric field, and carrier—carrier scattering on mobil-
ity; 5) a hydrodynamic model is used for the carrier transporta-
tion equations; and 6) incident heavy ions are modeled by us-
ing a Gaussian radial profile with a characteristic 1/e radius of
50 nm and a Gaussian temporal profile with a characteristic
decay time of 0.25 ps.

3. Simulation results and discussion
3.1. Influence of supply voltage on SET pulse width

In this simulation, the N-well contact is connected to the
supply voltage V44 (also called zero body-biasing (ZBB)), and
the circuit with different supply voltages varying from 0.7 V
to 1.1 V is simulated to investigate the voltage dependence of
SET pulse width.

Figure 3 shows the simulated results. It can be seen that
the SET voltage at the full width of half rail (FWHR, which
is also called pulse width) captured at the active p-FinFET de-
creases with supply voltage increasing, while the SET pulse
propagating to the passive device exhibits an opposite voltage
dependence trend. The reason behind this can be analyzed as
follows.

As shown in Fig. 4, the drain current transient in the active
p-FinFET increases as the supply voltage varies from 0.7 V to
1.1V, which indicates a prompt discharged current through the
complementary NMOSI transistor. Moreover, the increased
supply voltage (V4q) is connected to the N-well contact and this
can quickly collect the single-event generated charge (elec-
tron) and further lead to a faster well potential recovery. As a
result, the SET pulse width decreases with supply voltage in-
creasing. This is consistent with the result in a planar CMOS

circuit. 10-18.19]
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SET pulse width at FWHR/ps

Fig. 3. (color online) The SET pulse width at FWHR captured in active
and passive p-FinFETs with different supply voltages. The ion LET is
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Fig. 4. (color online) Current transients captured in the drain of hit p-
FinFET at different supply voltages for normal mode. The ion LET is
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Fig. 5. (color online) (a) A schematical configuration of two-stage in-
verter chain showing the initial and quenched SET pulse signal after an
ion strike; (b) simulated SET pulse quenching in the two-stage inverter
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chain. The ion LET is 20 MeV-cm?/mg.

However, the SET pulse propagating to the passive p-
FinFET increases with supply voltage increasing from 0.7 V
to 1.1 V, which exhibits an opposite voltage dependence trend
compared with the case in an active device. This can be ex-
plained by the single event charge sharing and the resulting
pulse quenching effects between the proximal nodes which are
electrically related to each other. As described in Ref. [4], the
pulse quenching is determined by the competing mechanism
between propagating SET electrical signal and the charge shar-
ing induced SET pulse of the passive device. Owing to the
reduced nodal spacing and high packing density in FinFET
technology, a charge sharing effect occurs easily between the
FinFET transistors. Figure 5 shows a schematical configura-
tion of the two-stage inverter chain and the simulated result of
SET pulse quenching in this work. It can be seen that the SET
pulse propagating to the passive device is truncated much more
than that generating in the active device after an ion strike.

A great deal of work has highlighted the relationship be-
tween the SET pulse and the amount of charge collection in an
inverter chain, which shows that when the voltage applied to
the complementary transistor is fixed, the SET pulse width is
proportional to the charge collection. To ensure that the charge
collected in a passive device is caused by the charge sharing
effect, the same circuit configuration and hit location as shown
in Fig. 2 are used, but in the opposite logical state (that is, the
active p-FinFET ON while the passive p-FinFET OFF). Here,
a parameter termed charge sharing efficiency (CSE) is defined
as the ratio of the charge collected by the passive device to that
collected by the active device, which is used firstly to illumi-
nate the effects of supply voltage and body-biasing on the SET
pulse propagating to the passive device.

Figures 6(a) and 6(b) clearly show the variations of
charge quantities collected in active and passive p-FinFETs
and the corresponding CSE factor with supply voltage re-
spectively. It can be observed that the charge quantities col-
lected by the active and passive devices increase with supply
voltage. However, the CSE decreases as supply voltage in-
creases from 0.7 V to 1.1 V. As mentioned previously, owing
to a prompt discharged current through the complementary n-
MOSFET at higher supply voltage, the SET pulse in the active
FinFET decreases as Vyq varies from 0.7 V to 1.1 V. More-
over, the reduced CSE results in a quick decrease of the SET
pulse induced by charge sharing in the passive p-FinFET. As
is well known, the quenched pulse propagating to the passive
p-FinFET is determined by subtracting the charge sharing in-
duced SET pulse from the pulse generated in the active de-
vice. Thus, the SET pulse propagating to the passive device
increases with the supply voltage varying from 0.7 V to 1.1 V.
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Fig. 6. (color online) (a) Plots of (a) charge quantities collected in active
and passive p-FinFETs and (b) the corresponding charge sharing effi-
ciency versus supply voltage, with the ion LET being 20 MeV-cm?/mg.

3.2. Effect of body-biasing on SET pulse quenching

In this simulation, the N-well contact is biased at a volt-
age separated from Vyg. The circuits with different body-
biasing modes (FBB, RBB, and ZBB) are simulated to investi-
gate the effect of body-biasing on the SET pulse quenching in
the bulk FinFET process. The bias voltage varies from —0.3 V
to 0.3 V. That is, the negative value refers to RBB, while the
positive value corresponds to FBB.

The simulated results are shown in Fig. 7. It can be seen
that the SET pulse propagating to the passive p-FinFET de-
creases as body-biasing varies from RBB to FBB. This can be
explained in terms of the enhanced charge sharing effect be-
tween the electrically coupled nodes under FBB condition.
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Fig. 7. (color online) Variations of SET pulse width at FWHR captured
in active and passive devices with body-biasing for three supply volt-

ages (0.8 V, 0.9 V, and 1.0 V). All simulations are conducted with the
same ion LET at 20 MeV-cm?/mg.

In our previous work, we illustrated that the bipolar am-
plification induced by the N-well can exert important effects
on the charge collection and SET pulse width in bulk p-
FinFETs.[?%2!] The body-biasing can affect the potential bar-
rier between the source and N-well, which is a key factor
for the parasitic bipolar junction transistor (BJT_Well) to be
turned on. The injection hole current from source to the N-
well is calculated as[??!

I _ hDnApe o exp Vo—e
c=—p, fmo v )

where W, is determined by the voltage applied to the para-
sitic PN junction (here corresponding to the voltage difference
Vsb between the source and N-well). A positive voltage value
for the FBB gives a larger hole current than a negative value
for RBB, which is further verified by the hole current density
profiles in Fig. 8. It indicates that the holes current density ei-
ther produced from the source or collected by the drain in FBB
is much larger than that in RBB. Figure 9 shows that the hole
current of drain and source both terminate in the passive p-
FinFET with different body-biasing modes for the whole strike
time. Consequently, the body-biasing has a significant influ-
ence on charge collection and SET pulse.

Hole current density/A-cm—2

Fig. 8. (color online) Hole current flowing in the passive p-FinFET for different body-biasing voltages at 20 ps after ion strike: (a) RBB; (b) FBB.
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Fig. 9. (color online) Hole currents of drain and source terminating

in the passive p-FinFET for different body-biasing voltages at 0.2 V

(FBB = 0.2 V, RBB = —0.2 V). The ion LET is 20 MeV-cm?/mg.

Figures 10(a) and 10(b) show the variations of charge

quantities collected in active and passive devices and the corre-
sponding CSE factors with body-biasing voltage respectively.
As explained in the last section, the propagating SET pulse is
mainly determined by the charge sharing effect. A larger CSE
can result in a stronger pulse quenching effect and a reduced
propagating SET pulse width. It can be seen that the CSE fac-
tor increases as the body-biasing varies from RBB to FBB. As
a consequence, the charge sharing induced SET pulse will be
larger in the FBB mode, thereby leading to a resulting smaller
pulse width in the passive p-FinFET than in RBB.
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Fig. 10. (color online) (a) Charge quantities collected in active and pas-
sive devices and (b) the corresponding charge sharing efficiency versus
body-biasing, with the ion LET being 20 MeV-cm?/mg.
As shown in Fig. 11, the body-biasing strategy can be
used to mitigate the propagating SET pulse width effectively,

especially for the lower LET values. This is more important
in the advanced FinFET technology because the critical ion
LET required for producing the SET and eventually an SEU
is rapidly decreasing with the device scaling down. As dis-
cussed earlier and illustrated in Fig. 11, an enhanced charge
sharing between the electrically coupled nodes with FBB can
result in more than 53% reduction of SET pulse width com-
pared with the one with RBB. This can provide guidance for
radiation-hardened bulk FinFET technology especially in low
power and high performance applications.
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Fig. 11. (color online) Comparison among the plots of SET pulse width
propagating to the passive p-FinFET for different body-biasing modes
versus ion LETs.

4. Conclusions

According to the 3D TCAD mixed-mode simulation, we
investigate the effects of supply voltage and body-biasing on
the SET pulse quenching in bulk FinFET process. The pro-
posed CSE factor is used to determine the characteristics of
SET pulse width between the active and passive p-FinFETs.
According to the simulation results, the SET pulse propagat-
ing to the passive device decreases when reducing the supply
voltage. The results also indicate that owing to an enhanced
bipolar amplification effect, the circuit with FBB is more vul-
nerable to charge sharing than that with RBB. The propagating
pulse in FBB mode is truncated up to 53% compared with that
in RBB mode. This is very important in the advanced nano-
scale FinFET circuit for the single-event effect, and can pro-
vide guidance for radiation-hardened bulk FinFET technology,
especially in low power and high performance applications.
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