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SUMMARY  We evaluated soft-error tolerance by heavy-ion irradiation
test on three-types of flip-flops (FFs) named the standard FF (STDFF),
the dual feedback recovery FF (DFRFF), and the DFRFF with long delay
(DFRFFLD) in 22 and 65 nm fully-depleted silicon on insulator (FD-SOI)
technologies. The guard-gate (GG) structure in DFRFF mitigates soft er-
rors. A single event transient (SET) pulse is removed by the C-element
with the signal delayed by the GG structure. DFRFFLD increases the GG
delay by adding two more inverters as delay elements. We investigated the
effectiveness of the GG structure in 22 and 65 nm. In 22 nm, Kr (40.3
MeV—cmz/mg) and Xe (67.2 MeV—cmZ/mg) irradiation tests revealed that
DFRFFLD has sufficient soft-error tolerance in outer space. In 65 nm, the
relationship between GG delay and CS reveals the GG delay time which no
error was observed under Kr irradiation.

key words: soft error, heavy ion, FD-SOI, 22 nm, flip-flop, guard-gate,
radiation-hard.

1. Introduction

Process scaling results in high integration density and low
power consumption. However, reliability issues of integrated
circuits are becoming more serious with process scaling.
Soft errors are one of the important reliability issues. When
a radiation particle hits on a transistor, an error pulse is
generated, which is called a single event transient (SET)
pulse. A single event upset (SEU) is a phenomenon in which
a stored value is flipped when a SET pulse is generated in a
storage element such as SRAM or flip-flop (FF).

In the device level, the fully-depleted silicon on insula-
tor (FD-SOI) process has around 10-100x higher soft-error
tolerance than the bulk process [1][2]. It is because the
buried oxide (BOX) layer prevents charge collected from sub-
strate [3]. However, soft errors still occur on FFs or SRAMs
on FD-SOI structure. Soft errors in FD-SOI are mainly
caused by parasitic bipolar effects (PBEs) [4]. Therefore,
circuit-level countermeasures are mandatory for mission-
critical applications.

In the circuit level, several redundant FFs such as triple
modular redundancy (TMR) [5] and dual interlocked stor-
age cell (DICE) [6][7] have been proposed as radiation-
hardened structures. However, they have larger area, de-
lay, and power overheads than conventional standard FFs.

Manuscript received January 1, 2015.
Manuscript revised January 1, 2015.
TGraduate School of Science and Technology, Kyoto Institute
of Technology, Japan
T Dolphin Design, France
a) E-mail: rnakajima@vlsi.es kit.ac.jp
DOI: 10.1587/trans.E0.7?.1

JURE'™, and Vincent HUARD'", Nonmembers

Therefore, radiation-hard FFs with minimum overheads are
required.

Single-event effects have been becoming dominant with
process scaling [8][9][10]. There are two main reasons for
that. One is that the amount of charge required to flip the
output values of transistors is decreased. The other is that
simultaneous errors are caused in multiple cells by a single
particle. According to [11] [12], the benefits of redundant
FFs decrease with process scaling. This is because the output
values of the redundant nodes are flipped simultaneously
due to the reduction of the distance between the redundant
nodes caused by process scaling. Thus, countermeasures in
advanced technologies such as interleaving are mandatory
and should also be investigated.

Besides multiplexed circuits such as TMR and DICE,
radiation hardened FFs with guard-gate structures [13] have
also been proposed [14]-[18]. The guard-gate structure
works as a low-pass filter that eliminates SET pulses. Dual
feedback recovery flip-flop (DFRFF), a radiation hardened
FF with low delay overhead, has been proposed in [18]. The
soft-error tolerance of DFRFF has been evaluated by heavy-
ion irradiation [19]. However, the soft-error tolerance is not
sufficient because the delay time of the guard-gate structure
is smaller than SET pulse width. In addition, errors also
occur in the C-element of the guard-gate structure. Errors in
C-elements occur more easily with process scaling. Thus,
it is required to increase the delay time in the guard gate
structure and to revise the structure of the C-element.

In this paper, we evaluate soft-error tolerance of FFs in
22 and 65 nm FD-SOI technologies by heavy-ion irradiation
test and investigate the effect of the guard-gate structure in
22 and 65 nm [20].  The lack of GG delay, which is a
problem in previous work, was improved without increasing
the area compared to conventional circuits. In addition, the
C-element was modified as a countermeasure for miniatur-
ization. We clarified that our proposed circuit is suitable
for the 22 nm FD-SOI process with the flip-well structure
because the improvement is higher than that of the 65 nm
process. We explain the soft-error mitigation techniques in
FD-SOI process in Section II. Section III explains device
architectures and several types of FFs evaluated for soft-error
tolerance. Section IV explains the heavy-ion irradiation test.
Section V explains the experimental results and the discus-
sion. We conclude this paper in Section VI.
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Fig. 1: Soft error suppression mechanism of FD-SOI. Car-
riers generated in the substrate below the BOX layer are
blocked by the BOX layer.
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Fig.2: Stacked inverter. By adopting a stacked structure,
the output value does not flip because one of the stacked
transistors is in the off state.

2. Soft-error mitigation techniques in FD-SOI

In this section, soft errors occurred in FD-SOI and mitigation
technique for soft errors are described.

2.1 Soft Errors in FD-SOI

The FD-SOI process has 10-100 times higher soft error tol-
erance than the bulk process. The soft error suppression
mechanism of FD-SOI is shown in Fig. 1. Carriers gener-
ated in the substrate layer are blocked by the BOX layer [3].
Hence, the amount of charge collected in the diffusion layer
in the FD-SOI process is less than that in the bulk process.

However, soft errors due to parasitic bipolar effects
(PBEs) are vulnerable in the FD-SOI process. PBE is a
phenomenon in which the channel potential changes due to
carriers remaining in the substrate [4]. The output value of
a logic gate is flipped when the parasitic bipolar transistor
conducts as the channel potential changes.

2.2 Stacked structure [21]

The stacked structure is a design in which transistors are
stacked in series. Fig. 2 shows a stacked inverter. By
adopting the stacked structure, the output value does not
switch without both transistors in the ON state. However,
the delay time increases because the amount of drain current
is reduced by stacking the transistors in series.

Table 1: Truth table of the C-
N1— element
No—| [[INI [ IN2 | OouUT ]
0 0 1
4| 0 1 Z (previous state)
1 0 Z (previous state)
1 1 0
Fig.3: Schematic of the C-
element.
%
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eration

Fig.4: Guard-gate structure. Immediately after the SET
pulse generation, IN1 is flipped and IN2 is kept at the correct
value. After A¢, IN1 is recovered and IN2 is flipped. During
this time, IN1 and IN2 are not flipped simultaneously, thus
the output of the C-element is not changed.

2.3 C-element

C-element has a stacked-inverter structure with two inputs.
A schematic and a truth table of the C-element are shown in
Fig. 3 and Table 1, respectively. The output changes when
IN1 and IN2 are the same value. If IN1 and IN2 become
different, the output is in a high impedance state and keeps
the previous value. The C-element itself is also robust to
soft errors because of its stacked structure.

2.4 Guard-gate structure [13]

Guard-gate (GG) structure is a structure with delay elements
added to one of the inputs of the C-element. Fig. 4 shows
a guard gate structure with two inverters added as delay
elements. When a SET pulse is generated at INV, the delay
elements prevent the pulse from reaching the two inputs of
the C-element at the same time. If the SET pulse is shorter
than the delay time at the delay element (GG delay), the pulse
is eliminated and the output value of the C-element is not
flipped. The SET pulse width increases as the LET of the
inrushing ions increases[22]. Soft-error tolerance is higher
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Table 2: Device parameters of FD-SOI.

Technology Gate Body BOX
node length [nm] | thickness [nm] | thickness [nm]
22 nm 28 12 20
65 nm 65 12 15

with longer GG delays because longer SET pulses can be
eliminated.

3. Test device

The thin-BOX FD-SOI process with low power and high per-
formance is used for aerospace and automotive applications.
The performance can be optimized by changing body bias
through the thin BOX layer. Fig. 5 shows the cross sections
of thin BOX FD-SOI devices in 22 and 65 nm. In 22 nm, the
flip-well architecture is adopted instead of the conventional
well architecture in 65 nm [23]. In the flip-well architecture,
the speed performance of pMOS transistors is higher than
that in the conventional one because the body bias of both
pMOS and nMOS transistors is usually set to 0 V, forward
body bias. Table 2 shows the parameters of 22 and 65 nm
processes [24][25].

We designed three types of FFs, a standard FF (STDFF),
and two radiation-hardened FFs (DFRFF, DFRFFLD), in 22
and 65 nm thin BOX FD-SOI processes. In 22 nm, all FFs
have reset and scan input pins, while those in 65 nm have no
reset and scan pins.

Fig. 6 shows STDFF without radiation hardness.
STACKEDFF shown in Fig. 7 is a radiation-hard FF by
the stacked transistors [21]. STACKEDFF is composed of
latches including stacked inverters and stacked tristate in-
verters. The stacked structure in SOI prevents the parasitic
bipolar effect (PBE). The PBE is the main cause of soft er-
rors in SOI. However, STACKEDFF has lower performance
than STDFF. In particular, the delay time of STACKEDFF
is reported to be around 2x of STDFF [26][27].

Fig. 8 shows the dual feedback recovery flip-flop
(DFRFF) [19]. DFRFF is a radiation-hardened flip-flop with
a small delay, area and power overheads. The GG structure
in DFRFF mitigates soft errors. However, the delay of the
GG structures (GG delay) within the DFRFF is small and
must be increased to protect long SET pulses generated in
outer space by a heavy-ion strike. In this work, the GG delay
of the primary latch (PL) is increased from [19] by swapping
inputs of the C-element of the secondary latch (SL) as shown
in Fig. 9. Moreover, DFRFF in Fig. 8 adopts the modified
stacking structure compared with STACKEDFF and DFRFF
in [19] as shown in Fig. 10. The on-state nMOS transis-
tor with CLK input are placed between two off-state nMOS
transistors. It prevents radiation particles from hitting at the
two off-state transistors simultaneously.

Fig. 11 shows the dual feedback recovery flip-flop with
long delay (DFRFFLD). DFRFFLD increases the GG delay
by adding two inverters as delay elements. In the 22 nm
process, the output inverter is placed outside of the GG delay

element.

Table 3 shows the simulation results of area, setup time,
hold time, CLK-Q delay, and power consumption at 10% data
activity of STDFF, DFRFF, and DFRFFLD in 22 and 65 nm.

The supply voltage (Vpp) is set to 0.8 Vand 1.2 V in 22 nm
and 65 nm, respectively. Power consumption is estimated at
10% data activity.

In 65 nm DFRFF, the performance overheads of pro-
posed type is not significantly different from that of conven-
tional type. CLK-Q delay overhead is kept to about 10%.
In 65 nm, dynamic power overheads of both DFRFF and
DFRFFLD are kept below 10%. Comparing DFRFF and
DFRFFLD results, there is no significant overhead in delay
and dynamic power, but the area and static power overhead
of DFRFFLD becomes bigger than DFRFF due to the addi-
tional delay elements.

In 22 nm, all performance overheads are large unlike
65 nm. This is because that performances are limited by
strict design rules. In particular, the significant large area
overhead is due to dummy transistors in the C-elements of
DFRFF and DFRFFLD. The source and drain of all dummy
transistors are shorted. In 22 nm, even the low-overhead
radiation-hard FFs have large performance overhead, which
means large-overhead radiation-hard FFs such as DICE have
much more performance overhead.

4. Heavy-ion Irradiation Test

The test chips were fabricated in 22 and 65 nm FD-SOIL. All
FFs are implemented in shift registers. Heavy ion irradia-
tion test was conducted by Ar, Kr and Xe at Takasaki Ion
Accelerators for Advanced Radiation Application (TTARA)
and Cyclotron and Radioisotope Center (CYRIC). Fig. 12
shows the experimental setup of the heavy-ion irradiation
tests. Table 4 shows linear energy transfer (LET) and en-
ergy of irradiated heavy ions. Fig. 13 shows the existence
probability of heavy ions in outer space [28]. The number
of particles above 40 MeV-cm?/mg is very small in outer
space compared to that of particles below 40 MeV-cm?/mg.
Secondary ions generated by a neutron hit with Si is mainly
less than 18 MeV—cm2/mg which is close to LET of Ar [29].
The measurement procedure is as below.

1. Initialize all FFs by O or 1.
2. Irradiate ions with clock signal fixed to O or 1.
3. Read out all FFs.

Irradiation tests were performed in the four static condi-
tions of (Q,CLK) = (0,0), (0,1),(1,0), (1,1). The cross
section (CS) represents the soft-error rate. CS refers to
the upset area when a particle passes through the circuit
block. CS is calculated by Eq. (1) using the number of
errors (Nerror), the number of FFs (NVgr), the effective heavy-
ion fluence per cm? (Nion), and the angle of heavy-ion
to the chips (6) [30]. In this measurement, Heavy ions
were irradiated to the test chip perpendicularly (6 = 0°).
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Fig.5: Cross sections of thin BOX FD-SOI devices.

Table 3: Comparison of Area, Setup time, Hold time CLK-Q delay, Static power and Dynamic power in 22 and 65 nm.

[ [ Area [ Setup time [ Hold time [ CLK-Q delay [ Static power [ Dynamic power ]

Fig.7: STACKEDFF. The red transistors and wires are added
to STDFF. The transistors that construct the inverters in the
latches are stacked.

N error

CS [cmz/bit] =
Ngg X Njon cos 6

ey

STDFF 1.00 1.00 -1.00 1.00 1.00 1.00
22 nm DFRFF (Proposed type) 1.94 1.57 6.36 2.16 1.66 1.47
DFRFFLD 2.05 1.37 0.91 222 1.61 1.60
STDFF 1.00 1.00 -1.00 1.00 1.00 1.00
65 nm DFRFF (Conventional type) | 1.18 1.21 -1.27 1.04 1.11 1.02
DFRFF (Proposed type) 1.18 1.17 -1.27 1.16 1.10 1.09
DFRFFLD 1.35 1.13 -1.21 1.15 1.24 1.08
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(b) Proposed type.

Fig. 8: Dual feedback recovery flip-flop (DFRFF). The red
transistors and wires are added to STDFF. The delay over-
heads are small because the inverters between inputs D and
outputs Q are not stacked.

5. Experimental Results and Discussion

Figs. 14 and 15 show the experimental results of the CS of
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(b) Proposed type.

Fig.9: GG delay of the PL. The red and blue lines are
the signal paths. SET pulses with a wider width can be
attenuated by the proposed method in (b) because the red
signal path is longer than that of the conventional method in

(a).

IN1=0

IN2=0

(b) Proposed type.

(a) Conventional type.

Fig. 10: Two types of C-elements. The transistors in the
green box are always in on-state. They prevent radiation
particles from hitting at the two off-state transistors simulta-
neously.

Table 4: LET and energy of irradiated heavy ions.
\ | Ar [ Kr | Xe |
LET [MeV-cm?/mg] | 15.8 | 403 | 67.2
Energy [MeV] 137 289 | 454

22 and 65 nm with error bars of 95% confidence. Vpp is
set to 0.8 Vin 22 nm and 1.2 V in 65 nm. In this work, we
assume that SET pulses are generated only in nMOS transis-
tors because more than 90% of soft errors are generated by
heavy ion hits on nMOS transistors [31].
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Fig. 11: DFRFFLD. The red inverters are added as GG delay
elements.
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(a) Ar, Kr (TTARA)
Fig. 12: Measurement setup. In TIARA, a vacuum chamber
was used to prevent attenuation of the heavy ion beam by air.
In CYRIC, the measurement target was placed 5 mm from
the beam opening because of the atmospheric irradiation.

(b) Xe (CYRIC)
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Fig. 13: LET distribution of heavy ions in outer space [28].
The dot line marks 40 MeV-cm?/mg.

5.1 22nm

At (Q,CLK) = (0, 0), the soft-error tolerance of DFRFF is
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Fig. 14: Experimental results of the CS in 22 nm by Ar, Kr, and Xe irradiation with error bars of 95% confidence. The supply

voltage is set to 0.8 V.
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Fig. 15: Experimental results of the CS in 65 nm by Ar and Kr irradiation with error bars of 95% confidence. The supply

voltage is set to 1.2 V.

equivalent to that of STDFF because of shorter GG delay
in SL. Therefore, the soft-error tolerance of DFRFFLD with
more delay elements than DFRFF is improved. In particular,
DFRFFLD has no error under Kr irradiation.

DFRFFLD has no error at (Q, CLK) = (0, 1) and (1, 0)
under Xe irradiation. The soft-error tolerance of DFRF-
FLD at (Q, CLK) = (0,0) is the most vulnerable among all
(Q, CLK) conditions. However, the soft-error tolerance of
DFRFFLD is more than 720x of STDFF. Fig. 14 (c) shows
that the soft-error tolerance of DFRFFLD is 1800x higher
than that of STDFF in the average of all (Q, CLK) condi-
tions. Therefore, the GG structure of DFRFFLD is effective
to ensure high soft-error tolerance in 22 nm for outer space
use.

5.2 Conventional DFRFF vs proposed DFRFF in 65 nm

We compare the conventional DFRFF with the proposed
DFRFF in Fig. 8. Comparison of Kr irradiation results be-
tween DFRFF in [19] and the proposed DFRFF is shown

in Fig. 16. At (Q,CLK) =(1,1), CS of the proposed
DFRFF decreases due to the increase in GG delay of PL.
At (Q,CLK) = (1,0), CS of the proposed DFRFF decreases
due to the C-element revision as shown in Fig. 10. At
(Q,CLK) = (0,0), CS of the proposed DFRFF decreases
due to the increase of GG delay of SL. The GG delay of the
conventional type is 25.7 ps, in contrast to 26.5 ps of the
proposed type. The number of GG delay elements is not
changed. However, the change in parasitic components due
to the change in the C-element paths caused an increase of
the GG delay. At (Q,CLK) = (0, 1), CS of the proposed
DFRFF is not changed from the conventional type despite
the change in the C-element. The reason for this is given in
Section 5.3.

5.3 DFRFFLD vs proposed DFRFF in 65 nm

We compare the DFRFFLD with the proposed DFRFF in
Fig. 15. At (Q,CLK) = (0, 1), the soft-error tolerances of
both DFRFF and DFRFFLD have more than 200x of STDFF
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Fig. 16: Comparison of Kr irradiation results between the
conventional DFRFF and the proposed DFRFF with error
bars of 95% confidence. Average CS was reduced by ap-
proximately 77% by increasing GG delay and revising the
C-elements.

under Ar irradiation as shown in Fig. 15 (a). However, the
soft-error tolerances of both DFRFF and DFRFFLD were
only around 20x of STDFF under Kr irradiation as shown in
Fig. 15 (b). The SET pulses are generated at the outputs of
the feedback gates in the PLs or the clocked inverters at D.
However, the feedback gates are formed by stacked transis-
tors and no SET pulse is generated at the stacked feedback
gates and the transmission gates in SLs at (Q, CLK) = (1, 0).
In 22 nm, the transmission gates are attached at the input of
PL as shown in Fig. 17 and no error was observed. There-
fore, the SET pulses in 65 nm are generated at the inverters
at D. Under Ar irradiation, the tolerances of both DFRFF
and DFRFFLD have more than 200x of STDFF because the
amount of charge generated is reduced due to the lower LET
of Ar than that of Kr. When the amount of charge gener-
ated is reduced, the amount of holes stored in the body layer
of the nMOS transistor is also reduced. Hence, the region
where the channel potential changes is reduced, and PBEs
are less likely to occur in neighbor transistors. Moreover,
both nMOS transistors in the input tri-state inverter are in
OFF state, which is equivalent to the stacked structure at
(Q,CLK) = (0,1). Thus, the clocked inverter at D must be
split into an inverter and a transmission gate as in SL to
increase radiation hardness.

At (Q,CLK) = (1, 1), DFRFFLD has no error in 65
nm because the number of GG delay elements is larger than
DFRFF by two inverters. However, DFRFF and DFRFFLD
are as vulnerable as STDFF in 65 nm at (Q, CLK) = (0, 0)
because of the insufficient GG delay in SL. In particular, the
soft-error tolerance of DFRFFLD in 65 nm is only around 2x
of STDFF under Kr irradiation. Hence, additional inverters
must be added as GG delay elements for DFRFFLD in 65
nm.

We investigate the relationship between the GG delay
and CS under Kr irradiation in 65 nm as shown in Fig. 18.

CLK —d CIK

4 o

e, v S .

T
CLK CLK

SL

Fig. 17: PL of DFRFF and DFRFFLD in 22 nm.

The CS values are the same as those shown in Fig. 15 (b).
GG delay is calculated under nominal conditions because
the heavy-ion irradiation tests were conducted under nom-
inal conditions. At the point where the GG delay of PL
on DFRFFLD was 151 ps, no error was observed. The
blue line refers to the fitting function as shown in Eq. (2).

CS [em?/bit] = —=3.37 x 1 [sec] +3.94x 10710, (2)

According to Eq. (2), CS become 0cm?/bit at 117 ps GG
delay. Thus, the width of the longest SET pulses generated
by Kr in 65 nm is less than 117 ps. The GG delay must be
longer than 117 ps to prevent errors by Kr in 65 nm.

6. Conclusion

We evaluated the soft-error tolerance of three types of FFs,
STDFF, DFRFF, and DFRFFLD, in 22 and 65 nm FD-SOI by
heavy-ion irradiation. In this study, we modified the DFRFF
guard gate and C-element structures. The GG delay of PL
is increased by swapping inputs of the C-element of the SL.
An on-state transistor with CLK input is placed between two
off-state transistors to prevent radiation from simultaneously
hitting the two off-state transistors. In 22 nm, DFRFFLD has
no error under Ar and Kr irradiation test. Under Xe irradi-
ation, it has 1800x higher soft-error tolerance than STDFF.
Therefore DFRFFLD in 22 nm has enough soft-error toler-
ance for outer space use. In 65 nm, the proposed DFRFF
has 77% less CS than the conventional DFRFF. Therefore,
the revisions of the guard gate structure and C-element are
effective. However, DFRFFLD has only about 2x of STDFF
at (Q, CLK) = (0, 0) under Kr irradiation. The relationship
between GG delay and CS reveals the condition of GG delay
which no error was observed under Kr irradiation. The GG
delay must be longer than the condition to prevent errors by
a heavy ion hit.
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Fig. 18: Comparison between the GG delay and CS under
Kr irradiation in 65 nm. At the point where the GG delay
of PL on DFRFFLD was 151 ps, no error was observed. In
22 nm, the slope of the fitting function for the relationship
between GG delay and CS is steeper than that in 65 nm.
The difference in slope is due to the difference in pMOS
performance (speed and current) caused by the difference in
well structures. Under typical condition, the 22 nm device is
in a forward body bias state, which increases the amount of
current of the pMOS. The increase in current also suppresses
the SET pulses generated in nMOS.
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