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Abstract— We design three different layouts of DFFs in a
28 nm thin-BOX FD-SOI process to compare their radiation
hardness. We measure them by alpha-particle irradiation.
Experimental results show that the soft-error probability of
two-fingered inverters is 2.6x higher than that of one-fingered
one at 0.4 V when DATA and CLK are 1 and 0 respectively. We
also measure the relationship between process variations and
radiation hardness in each FF. The process variation affects
retention voltage of FFs. FFs with higher retention voltage are
more vulnerable to radiation than FFs with lower retention
voltage.

I. INTRODUCTION

As transistors become downscaling, semiconductor chips
become weak to soft errors. They are caused by alpha
particles from packages and neutrons from cosmic ray.
Single Event Upset (SEU) is a phenomenon that keeping
value in FFs and SRAMs are upset by these particles. By
rebooting devices, erroneous values are restored. Highly-
reliable devices need to equip prevention against soft errors.

Variations of MOSFETs also become serious [1]. SOI
processes have smaller variations of threshold voltages than
bulk processes because of undoped channels [2]. However,
the thickness of body, oxide charge and work functions of
metal gates affect the variations [3]. In the SOI processes
fewer charge is collected than bulk processes because BOX
layers prevent charge collection. Thus, they also have higher
soft error tolerance [4].

In this paper, we investigate the radiation hardness by
alpha particle irradiation. It is reported in [5] and [6] that
bulk processes have a limited effect on alpha SER by process
corners. We also investigate the relationship between process
variations and radiation hardness in a 28 nm Ultra Thin
Body & BOX (UTBB) process. Section II explains the
designed layout structures of DFF. Section III shows the
experimental results of SEUs by alpha particle irradiation
depending on DATA and CLK states. Section IV shows
correlations between the process variations and radiation
hardness. Section V concludes this paper.

II. DESIGNED LAYOUTS OF DFF IN A 28 NM UTBB
FD-SOI PROCESS

Fig. 1 shows the cross section of the 28 nm UTBB FD-SOI
process with 7 nm SOI layers and 25 nm BOX layers. We
design three different layouts of DFF (Fig. 2) to investigate
the effect of layout structures and shallow trench isolations
(STI) to isolate MOSFETs. Layout structures and STI affect
MOSFET characteristics. We focused on process variations
depending on layout structures. We design the following
three different layout structures.
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Fig. 1. Cross section of UTBB FD-SOI structure.
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Fig. 2. Conventional FF (DFF).

L0 Diffusions in the slave latch are divided (Fig. 3(a)).
L1 Diffusions in the slave latch are shared (Fig. 3(b)).
L2 Diffusions in the slave latch are shared (Fig. 3(c)).

It has two-fingered inverters in the slave latch.
Note that the schematic, sensitive area of DFF and three

layout structures in the master latch are equivalent. Fig. 4
shows the fabricated chip with the triple-well structure in
a 28 nm UTBB FD-SOI process. Each FF array contains
14,700 bit. Table I indicates simulation results of C-Q delay
and dynamic power of each layout at 1.0 V. All values
are normalized to those of L0. Each value is almost same
because we do not consider the effect of process variation
or STI.

III. STATIC MEASUREMENT OF RADIATION HARDNESS
DEPENDING ON DATA AND CLK

Fig. 5 shows the measurement setup of alpha particle
irradiation. A 3M Bq 241Am is used in the experiment. Alpha

TABLE I
C-Q DELAY AND POWER OF EACH FF. ALL VALUES ARE NORMALIZED

TO THOSE OF L0.

Layout L0 L1 L2
C-Q Delay 1 0.98 1.03

Power (α = 10%) 1 0.98 0.99
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(a) L0 : Layout which diffusions in the slave latch are divided.
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(b) L1 : Layout which diffusions in the slave latch are shared.
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(c) L2 : Layout with two-fingered inverters.

Fig. 3. Designed DFFs with different layout structures.

particle flux is 3× 106 cm−2s−1. The irradiation time is 10
min. We measure these static conditions (DATA, CLK) = (0,
0), (0, 1), (1, 0) and (1, 1). Upset transistors by radiation
depend on DATA and CLK states. When (DATA, CLK) =
(1, 0), the tri-state inverter in the slave latch is vulnerable.
Soft error hardness is evaluated by the soft error probability
(PSE).

PSE =
NSE

Nbit
(1)

Where NSE is the number of errors by alpha particle irradi-
ation and Nbit is the number of total bits of each FF array.
The error bars show 95% confidence.

Fig. 6 shows the results of PSE at 0.4 V in each condition.
Except for (DATA, CLK) = (1, 0), PSE of each layout
is almost equivalent. PSE of L2, which has two-fingered
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Fig. 4. Fabricated test chip.
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Fig. 5. Alpha test setup.
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Fig. 6. PSE in each condition by alpha particle irradiation. The error bars
show 95% confidence.

inverters in the slave latch, is 2.6x more than that of L0
when (DATA, CLK) = (1, 0).

The radiation hardness is evaluated by critical charge
(Qcrit) with SPICE simulations [7]. Table II shows Qcrit by
process corners at 0.4 V when (DATA, CLK) = (1, 0). Qcrit

of the latch with Fast-Fast decreases by 7 % as compared
with Nominal. On the other hand, Qcrit of the latch with
Slow-Slow increases by 4 %. Therefore, the combination of
Vth affects its radiation hardness. We investigate the reason
why the two-fingered inverters cause soft error vulnerability
in the following section.

IV. THE RELATIONSHIP BETWEEN THE σVth AND
RADIATION HARDNESS

A. Flipped FFs by Reducing Supply Voltage

The standard deviation, σVth of MOSFETs follows the
normal distribution. We focus on MOSFETs away from
nominal Vth (Fig. 7). We assume that they are more sensitive
to soft errors than those near nominal Vth. We measure the
minimum retention voltage of each layout by reducing supply
voltage without the alpha source. Fig. 8 (a) and (b) show the

TABLE II
Qcrit SIMULATION RESULTS BY PROCESS CORNERS AT 0.4 V.

Process corner (PMOS-NMOS) Qcrit [fC]
Nominal 0.28

Slow-Slow 0.29
Slow-Fast 0.28
Fast-Slow 0.28
Fast-Fast 0.26
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Fig. 7. Difference of radiation hardness depending on variation of
MOSFETs.

 0

 10

 20

 30

 40

 50

 60

 70

 80

 0.33  0.34  0.35  0.36  0.37  0.38  0.39

# 
of

 fl
ip

pe
d 

F
F

VDD[V]

L0
L1
L2

(DATA, CLK) = (0, 0)

(a) (DATA, CLK) = (0, 0).

 0

 10

 20

 30

 40

 50

 60

 70

 80

 0.3  0.31  0.32  0.33  0.34  0.35  0.36

# 
of

 fl
ip

pe
d 

F
F

VDD[V]

L0
L1
L2

(DATA, CLK) = (1, 0)

(b) (DATA, CLK) = (1, 0).

Fig. 8. Flipped FFs by reducing supply voltage.

number of flipped FFs when (DATA, CLK) = (0, 0) and (1,
0) respectively. The number of flipped FFs of each layout
is almost same when (DATA, CLK) = (0, 0). On the other
hand, the number of flipped FFs of L2 is 4x more than the
other layouts at 0.31 V when (DATA, CLK) = (1, 0). The
layout including two-fingered inverters has the largest σVth.
The standard deviation σVth is proportionally to 1/

√
LW

[3]. If we use two-fingered inverters, the σVth of MOSFETs
in each inverter of L2 is

√
2x more than the one-fingered

one in L0 or L1. The σVth of two-fingered inverters is also
larger than the one-fingered inverter because there are some
amount of correlations since they are placed closely.

TABLE III
EXPERIMENTAL RESULTS OF N(SE&VAR) , NVAR AND NSE IN EACH

LAYOUT.

N(SE&VAR) NVAR NSE

Layout L0 L1 L2 L0 L1 L2 L0 L1 L2
# of FF 0.33 0.67 2.67 34 50 115 10.3 19.3 37.7

B. Correlations between Retention Voltage and Radiation
Hardness

We investigate the relationship between retention voltage
and radiation hardness of each layout. All measurements are
conducted when (DATA, CLK) = (1, 0). First, we measure the
number of flipped FFs (NVAR) by reducing supply voltage
without placing the alpha source. Then, we measure the
number of upset FFs (NSE) with the alpha source at 0.42
V, at which no flipped FF appears. The irradiation time
is 30 min. Eq. 2 and 3 show the evaluation formulas of
the relationship between the process variation and radiation
hardness respectively.

εH =
N(SE&VAR)

NVAR
(2)

εL =
NSE −N(SE&VAR)

Nbit −NVAR
(3)

Where N(SE&VAR) is the number of FFs flipped by reducing
supply voltage and upset by alpha particle irradiation. εH
means the error probability that FFs with higher retention
voltage upset by alpha particle irradiation. εL means the
error probability that FFs with lower retention voltage upset
by alpha particle irradiation. The error bars show 95%
confidence.

Table III indicates the number of N(SE&VAR), NVAR and
NSE in each layout. Fig. 9 shows the experimental results
between flipped FFs at 0.32 V and upset FFs by alpha
particle irradiation in each layout. There is no correlation
between retention voltage and the radiation hardness of L0
because the error bar of εH is located within εL. There is
also no correlation between retention voltage and radiation
hardness of L1. By increasing the number of measurements,
the error bar of εH in L1 may be located within error bar εL
because the number of N(SE&VAR) is much less than that of
L2. Therefore, the process variations in L0 and L1 do not
affect radiation hardness. The results of L2 clearly show the
difference of radiation hardness between εH and εL. εH is
10x more vulnerable than εL. In L2 with larger σVth, the
process variations affect the radiation hardness.

V. CONCLUSION

Layout with two-fingered inverter has 2.6x more vulner-
able than layout with one-fingered one by alpha particle
irradiation. We focus on the relationship between process
variations and radiation hardness. The latch composed of
an inverter and a tri-state inverter becomes unstably due
to combination of variations. Decreasing retention voltage
contributes to soft error hardness. It clearly shows that FFs
with higher retention voltage are 10x more vulnerable than
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Fig. 9. Experimental results between the retention voltage and the radiation
hardness of each FF. The Error bars show 95% confidence.

FFs with lower retention voltage. FFs with lower variations
are strong against soft errors.
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