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Influences of supply voltage on single event upsets and multiple-cell

upsets in nanometer SRAM across a wide linear
energy transfer range”
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The influences of reducing the supply voltage on single event upset (SEU) and multiple-cell upset (MCU) in two kinds
of 65-nm static random access memories (SRAMs) are characterized across a wide linear energy transfer (LET) range. The
results show that the influence of the voltage variation on SEU cross section clearly depends on the LET value which is
above heavy ion LET threshold no matter whether the SRAM is non-hardened 6T SRAM or radiation-hardened double dual
interlocked cells (DICE) SRAM. When the LET value is lower than the LET threshold of MCU, the SEU only manifests
single cell upset, the SEU cross section increases with the decrease of voltage. The lower the LET value, the higher the
SEU sensitivity to the voltage variation is. Lowering the voltage has no evident influence on SEU cross section while the
LET value is above the LET threshold of MCU. Moreover, the reduction of the voltage can result in a decrease in the
highest-order MCU event cross section due to the decrease of charge collection efficiency of the outer sub-sensitive volume
within a certain voltage range. With further scaling the feature size of devices down, it is suggested that the dependence of
SEU on voltage variation should be paid special attention to for heavy ions with very low LET or the other particles with

very low energy for nanometer commercial off-the-shelf (COTS) SRAM.

Keywords: supply voltage, single event upsets, multiple-cell upsets, 65-nm SRAM, double DICE SRAM

PACS: 85.30.De, 61.80.Az, 21.60.Ka

1. Introduction

With the feature size of the device scaling down, the
supply voltage and single event effect (SEE) critical charge
spontaneously decrease, thus leading the SEE sensitivity to
increase.!?] Static random access memories (SRAMs) are
widely used in the ultra-large scale integrated circuits and elec-
tronic systems of spacecrafts. But the SRAMs are very sensi-
tive to SEE, so the studies of SEE in SRAMs always receive
much attention. Low power consumption is often expected
for devices operated in space environment. Lowering the sup-
ply voltage is usually an effective approach to reducing the
power consumption.>*! However, it is generally considered
that the reduction of supply voltage will cause the single event
upset (SEU) critical charge quantity in SRAM to decrease,
which will exacerbate the occurrence of SEUs and multiple-
cell upsets (MCUs).!>% Even if the bit-interleaving technol-
ogy is used in the layout design, the probability of cumulat-
ing multiple-bit upsets (MBUs) in a logical word will still
increase obviously, resulting in the failure of error detection
and correction (EDAC) technology. Therefore, a higher scrub-
bing frequency needs adopting in order to prevent the MBU
from occurring, which in turn causes the power consumption
to increase.!”) Eventually, lowering the supply voltage may not
have to bring the reduction of total power consumption. So it
is necessary to study whether the reduction of supply voltage

DOI: 10.1088/1674-1056/abcf38

will certainly lead the SEU and MCU to significantly increase
under the actual application environment, which will help de-
termine the optimal voltage value to make a comprehensive
balance between the effective control of space SEU rate and
the reduction of power consumption.

Some researches have been carried out about the depen-
dence of SEU and MCU on the supply voltage in nanome-

(8-151 When the voltage ranges from 0.75 V to

ter devices.
1.2 V, the scaling voltage will cause the SEU cross sec-
tion to increase in 90-nm, 65-nm, 45-nm SRAM, and 20-
nm DFF for low energy protons, low energy muons, al-
pha particles, and heavy ions with low linear energy transfer
(LET).3-" For 14-nm/16-nm FinFET D flip-flop (DFF), SEU
cross section increases with the decrease of voltage at 0.5 V-
0.8 V when heavy ion LET ranges from 0.89 MeV-cm?/mg to
58.78 MeV-cm?/mg.['?l When the device operates at ultra-low
voltage, the device can only retain data, but read operation or
write operation cannot be performed normally. In this case,
even low energy electrons can also induce the SEU through
direct ionization in 45-nm and 28-nm SRAM at 0.45 V and
0.55 V, the SEU cross section increases with the decrease
of voltage.[!3! Spallation neutron source and alpha particles
will cause the SEU cross section to increase in 65-nm SRAM
across a wide range of supply voltage from 1.0 V to 0.3 V.
But the ratio of MCU increases with the voltage increasing
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above 0.5 V for spallation neutron source or with the voltage
decreasing less than 0.5 V for alpha particles.[!+1>]

Previous researches about the effect of scaling voltage on
SEU in nanometer SRAM mostly focused on neutrons, alpha
particles, and electrons. Only a few papers about heavy ion
experimental study based on DFF were published. In an ac-
tual space environment, the LET values of heavy ions range
from 0.002 MeV-cm?/mg to 120 MeV-cm?/mg. The influ-
ence of the supply voltage on the SEU and the MCU across
a wide LET range are rarely reported in nanometer SRAMs
with different layout designs. In this work, the effect of low-
ering the voltage on the SEU and the MCU are investigated
in non-hardened and radiation-hardened 65-nm SRAMs with
LET ranging from 0.35 MeV-cm?/mg to 84.6 MeV-cm?/mg.
Because the SRAM operating in ultra-low voltage region can-
not be read nor written during irradiation, the logical addresses
and the stored data of memory cells with the occurrence of
SEU are recorded only after the SRAM is irradiated to a spec-
ified fluence and the supply voltage is returned to the nominal
voltage. It is effective to study the effect of voltage on SEU,
but the probability of false MCUs which are caused by dif-
ferent ions striking on adjacent cells obviously increases due
to the accumulation of a large quantity of SEUs.!!%!7] There-
fore, it is difficult to distinguish the quantities and topologi-
cal patterns of MCUs with different orders accurately. In this
study, the supply voltage in 65-nm SRAM is changed in a
range of +10% of the nominal voltage. During the irradiation,
the stored data of cells are read back continuously once per
second and compared with those from the previous read cy-
cle. The operating frequency of the testing system is 8§ MHz,
which takes 4 ms to finish one test of the whole addresses in
the SRAM. Therefore, the number and topological patterns of
MCUs with different orders can be effectively acquired. The
influence of voltage variation on SEU, MCU and single cell
upset (SCU) are further studied.

The rest of this work is organized as follows. In Sec-
tion 2 described are the device characteristics of two types of
SRAMs, irradiation test facility and the method of data pro-
cessing. Experimental results are presented in Section 3. In
Section 4, the key topic is discussed in detail. The conclusions
are drawn from the present study in Section 5.

2. Experimental details
2.1. Device under test

Both SRAMs are fabricated by a bulk CMOS 65-nm tech-
nology. The “6T” denotes a 32-k x 8-bit SRAM with standard
6-transistor (6T) cells. The area of the cell is 0.62 umz. The
“DICE” represents a 16-k x 8-bit SRAM with interleaving
double dual interlocked cells. The area of single DICE cell
including 12 transistors is about 5.2 um?. Through sharing

the area between two cells, the area of double DICE cells is
only about 6 um?, thus increasing effectively the spacing be-
tween sensitive nodes within a DICE cell. For both SRAMs,
the nominal supply voltage is 1.2 V for memory array and
3.3 V for peripheral I/O circuit. The thickness of back end of
line (BEOL) is about 5.7 um with six copper-interconnection
layers.

The SRAMs are tested with logical checkerboard pattern
“55H” in a dynamic mode. The memory content of the SRAM
is read back continuously during the irradiation. The logical
address and data of memory cells with SEU are recorded at
the end of each read cycle. The SEU testing is performed at
three different supply voltages ranging from nominal —10% to
+10%, i.e.,at 1.08 V, 1.2V, 1.32 V.

2.2. Heavy ion irradiation facility

Heavy ion SEE testing is carried out on the HI-13 Tandem
Accelerator in China Institute of Atomic Energy and Heavy
Ton Research Facility in Lanzhou (HIRFL). Table 1 summa-
rizes the ions used in the testing. The LET values at the sur-
faces of devices are given. Due to the limitation of beam time
and beam schedule, the influence of supply voltage on SEU
and MCU are investigated in the 6T SRAM with only using C,
Cl, Ti, Br ions, and in the DICE SRAM with only Br, Ta ions.
Irradiations are carried out with the normal incidence of ions.

Table 1. Ions used in heavy ion SEE testing.

Ton species  Energy (MeV) Range (um) LET (MeV-cm?/mg)
12¢6+ 80 127.1 1.73
19p9+ 110 82.7 42
BScpihiat 160 46.0 13.1
48310,15+ 169 34.7 21.8
791321+ 220 30.4 42.0
12771525+ 265 28.8 64.7
18132+ 1096 67.6 84.6
20931+ 923 53.7 99.8

2.3. Low energy proton testing

In order to supplement the SEU data with LET less than
0.5 MeV-cm?/mg, the low energy proton SEU testing is per-
formed at the EN Tandem accelerator in the Institute of Heavy
Ton Physics at Peking University. The proton energy of the
accelerator can be tuned from 1 MeV to 10 MeV. The pro-
tons with the initial energy 1.2 MeV are reduced by using Al
foils with different thickness values, thus producing the lower
energy protons (down to 0.20 MeV). After the proton energy
corresponding to SEU peak cross section is acquired, the de-
pendence of SEU cross section on supply voltage is further
investigated at the corresponding energy.

2.4. Data processing

After the logical address and data of memory cells with
SEU are recorded, the number and topological pattern of
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MCUs with different orders are analyzed and studied statisti-
cally based on the relation between the logical bitmap and the
physical bitmap. Further, MCU ratio, MCU mean, and SEU,
SCU, MCU event cross section are counted.

oo

Event;_p;

Event;_p;;

Two kinds of SEE cross sections are presented here.[1%19]

One is SEU event cross section 0g_sgy, which is the sum
of SCU and MCU event cross sections. The SEU event
Event;_ is counted only once and is not weighted.

Eventy_pit + Event;_pic + Eventy_pje + - - -

OF— = = Op— + op— = 1
E-SEU l; P E-SCU + OE-McU P , (D
where i is the number of affected cells in one SEU event, Event;_.; is the number of SEU events with i—cell upsets.
The other is the conventional SEU cross section ¢y_sgy Which is written as
o I x Event;_p;; 1 x Event|_yi +2 X Eventy_pi +3 X Eventsy_p;i+ -+
Ou-sEU = ), o = o ~ (2)
i=1

The MCU mean represents the average number of SEUs
caused by an SEU event.

Y i xEvent;_cen

Ooyu-— i=
Mean = 2V SEU _ i=1 7 3)

OE-SEU Z Eventifcell
i=1

=

MCU ratio can be expressed as

Z Event;_cen
=2

Pycy = 5 —. 4)
'Zl Eventifcell

=

3. Experimental results
3.1. Influence of voltage on SEU and MCU in 6T SRAM

Figure 1 shows SEU, SEU event, and MCU event cross
sections as a function of LET in 6T SRAM at nominal voltage
of 1.2 V. During the low energy proton SEU testing, the av-
erage proton energy corresponding to proton SEU peak cross
section is 0.77 MeV. Based on SRIM-2013, the proton energy
distribution within the sensitive region is simulated after 0.77-
MeV protons have passed through the BEOL layer of the de-
vice under test (DUT) described in Subsection 2.1. The sim-
ulation result shows that the average proton energy within the
sensitive region is about 270 eV, thus the average LET value
is 0.35 MeV-cm?/mg. Because low-energy protons cause SEU
through direct ionization, the peak SEU cross section and the
corresponding LET are also drawn in Fig. 1.

As shown in Fig. 1, the SEU cross section and
SEU event cross section are both the same, specifically,
1.73 MeV-cmz/mg and less, which indicates that all the SEUs
come from SCU. When the LET is 4.2 MeV-cm?/mg, there is
a slight difference between these two kinds of cross sections.
A small number of MCUs appear, and MCU event cross sec-
tion is low. With the LET increasing further, the SEU cross
section and SEU event cross section show a significant differ-
ence. The MCUs become more serious, the MCU event cross

section even approaches to the SEU event cross section at a
high LET.

Figure 1 also shows that the fitting results of these three
kinds of cross sections with the Weibull function. The LET
threshold of SEU and MCU are about 0.28 MeV-cm?/mg and
2.8 MeV-cm?/mg, respectively. The SEU saturation cross sec-
tion is 1.85 x 108 c¢m?2, and the SEU event saturation cross

2. The former is over three times as

section is 6 x 1072 cm
great as the latter, which indicates that an incident ion with
high LET can cause an average of three cells to upset simulta-

neously.

—

o
|

i

f—
(en)
|
®
T

SEE cross section (cm?/bit)
=
o
&
T

= SEU + SEU event = MCU event
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Fig. 1. SEU cross section, SEU event cross section, and MCU event cross
section versus LET in 6T SRAM.

Figure 2 shows the influences of supply voltage on SEU
cross section with different LETs in 6T SRAM. When the LET
is 0.35 MeV~cm2/mg, the SEU cross section increases 13 times
from 2.67 x 10712 cm? at 1.32 Vt0 3.5 x 10! cm? at 1.08 V
with the reduction of supply voltage. With LET increasing
to 1.73 MeV-cm?/mg, SEU cross section only increases 1.3
times from 8.01 x 1071% cm? at 1.32 V to 1.04 x 10~ cm? at
1.08 V. The SEU cross section exhibits a weak increase. As
LET increases to 13.1 MeV~cm2/mg and more, the SEU cross
sections almost keep unchanged with the decrease of voltage.
These results indicate that the SEU sensitivity to the voltage
variation decreases with the increase of LET in non-hardened
6T SRAM.
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Fig. 2. SEU cross section versus supply voltage with different LETs.

For LETs with 13.1, 21.8, and 42 MeV-cm?/mg, the SEU
cross section is larger than the SEU event cross section, and
the SEU event consists of SCU event and MCU event. Aiming
at these three LETs, the influence of scaling down the voltage
on MCU mean, MCU ratio, and SEU, SCU, different-order
MCU event cross sections, are listed particularly in Table 2.
In this table, MCU ratio, MCU mean, and MCU event cross
section obviously rise with the increase of LET. However, the
influence of lowering the voltage on MCU mean and MCU ra-

tio do not follow the consistent trend for different LET values:
MCU ratio and MCU mean increase with the reduction of volt-
age only for the LET with 13.1 MeV-cm?/mg. The MCU event
cross sections increase for LETs with 13.1, 21.8 MeV-cm?/mg
with the voltage lowering. Interestingly, the sum of MCU2-
MCU4 event cross sections increases, but the sum of MCUS5—
MCUS event cross sections decreases. For 42 MeV-cm?/mg
at which MCU event cross section is located within the sat-
uration region, the MCU event cross section, the sum of
MCU2-MCU4 event cross sections and the sum of MCUS—
MCUS event cross sections have no obvious changes at dif-
ferent voltages. On the other hand, the highest-order MCU
event cross section decreases to a certain degree with the volt-
age lowering for three LET values. For example, the highest-
order MCUG event cross section with 13.1 MeV-cm?/mg de-
creases by 3.3 times from 2 x 10~!! cm?/bit at 1.32 V to
6 x 1072 cm?/bit at 1.08 V. The highest-order MCUS event
cross section with 42.0 MeV-cm?/mg decreases by 3.2 times
from 4.8 x 1079 cm?/bit at 1.32 V to 1.5 x 10~!% cm?/bit at
1.08 V.

Table 2. MCU ratio, MCU mean, SEU event, SCU event, and MCU event cross sections (CS) (109 cm?/bit).

LET (MeV-cm?/mg) 13.1 21.8 42.0

Voltage (V) 1.08 1.20 1.32 1.08 1.20 1.32 1.08 1.20 1.32
MCU ratio (%) 65.4 62.1 58.4 68.8 76.3 70.2 79.9 79.6 85.5
MCU mean 1.90 1.84 1.78 2.57 2.98 2.93 3.70 3.48 3.92
SEU event CS 3.14 3.17 3.30 4.79 422 428 438 4.59 4.24
SCU event CS 1.09 1.20 1.38 1.49 1.00 1.28 0.88 0.94 0.61
MCU event CS 2.05 1.97 1.93 3.29 3.23 3.00 3.70 3.66 3.63
MCU?2 event CS 1.46 1.39 1.44 1.23 1.06 0.81 0.96 1.12 1.02
MCUS3 event CS 0.43 0.46 0.38 0.49 0.38 0.32 0.32 0.35 0.33
MCU4 event CS 0.16 0.11 0.09 1.14 1.13 1.09 0.63 0.63 0.59
MCUS event CS 0 0 0 0.28 0.41 0.51 0.70 0.73 0.61
MCUS event CS 0.006 0.01 0.02 0.10 0.07 0.13 0.56 0.37 0.46
MCU7 event CS 0 0 0 0.03 0.11 0.05 0.38 0.28 0.14
MCUS event CS 0 0 0 0.02 0.06 0.08 0.15 0.18 0.48

3.2. Influence of voltage on SEU and MCU in radiation-
hardened DICE SRAM

The SEU, SEU event, MCU event cross sections in DICE
SRAM as a function of LET are given in Fig. 3. The differ-
ence between SEU cross section and SEU event cross section
is very small even if the LET values are fairly high, so only the
Weibull fitting curve of SEU cross section is shown in Fig. 3.
Comparing with the non-hardened 6T SRAM, LET threshold
of SEU in DICE SRAM increases to 21 MeV-cm?/mg. For I
ion with 64.7 MeV-cmz/mg, SEU cross sections in 6T SRAM
and DICE SRAM are 1.55 x 10~% cm? and 2.33 x 1077 cm?,
respectively. The tolerance ability against SEU is obviously
improved by adopting interleaving double DICE layout. When
LET is 42 MeV-cm?/mg and less, All the SEUs are from SCU.
As the LET value increases to 64.7 MeV-cm?/mg higher than

LET threshold of MCU which is 64 MeV-cm?/mg, a small
amount of horizontal MCU2 appears. The SEU event cross
section is 2.20 x 10~2 ¢cm?, and the MCU event cross section
is 1.23 x 107'% cm?, which means that the MCU events only
account for about 6% of SEU events. Even if the LET in-
creases up to 99.8 MeV-cm?/mg, the MCU ratio increases to
36 %, but the topological pattern of MCU still manifests hor-
izontal MCU?2. It indicates that the DICE SRAM also has an
obvious advantage in suppressing the occurrence of MCU over
6T-SRAM.

Figure 4 shows the influences of supply voltage on
SEU cross section with different LETs in DICE SRAM.
The SEU cross section with an LET of 42 MeV-cm?/mg in-
creases by 1.23 times from 5.58 x 10710 cm? at 1.32 V to
6.87 x 1071 cm? at 1.08 V. When the LET increases to
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84.6 MeV-cm?/mg, the SEU cross section almost keeps un-
changed with the voltage decreasing. These characteristics in
DICE SRAM are similar to those in 6T SRAM. When all the
SEUs come from SCU, the SEU cross section increases with
the voltage decreasing. The MCU event occurs with the in-
crease of LET, the voltage variation almost has no effect on
the SEU cross section. The influences of voltage on SEU, SEU
event, SCU event, and MCU event cross sections with an LET
of 84.6 MeV-cm?/mg are further shown in Fig. 5.

E T T T T T T T T T T T 3
10-7F 1
5 107 1
= 107 3
£ 1071 3
= 3 q
- 10711 E E
£ 10 1;
3] _13F :
g 1070 !
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% E —— Weibull fit —— Weibull fit E
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0 0 F ® SEU event cross section 3
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Fig. 3. SEU cross section, SEU event cross section, and MCU event cross
section versus LET in DICE SRAM.
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Fig. 4. SEU cross section versus supply voltage with different LETs.
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Fig. 5. SEU, SEU event, SCU event, and MCU event cross sections versus
supply voltage for 84.6 MeV-cm?/mg.

It can be seen that the SEU event cross section re-
mains flat like the SEU cross section with the voltage scal-
ing down. However, the SCU event cross section slightly in-
creases, and the MCU event cross section slightly decreases.

The MCU event cross section decreases by 1.36 times from
3.14x107% cm* at 1.32 V t0 2.31 x 102 cm? at 1.08 V. The
detailed analyses are given in the next section.

4. Analysis and discussion
4.1. Mecanism of MCU occurence

In order to reveal the mechanism of voltage influencing
SEU and MCU, it is necessary to locate the positions of sen-
sitive nodes in memory arrays through analyzing the layout
information. Further, the topological pattern of MCU and the
influence range of the incident ions can be acquired. Figure 6
shows the layout schematic diagram of adjacent six cells in the
6T SRAM. The contacts of n-well and p-well are placed within
each memory cell in order to weaken the parasitic bipolar ef-
fect. A bit-interleaving layout technique is adopted to reduce
the occurrence of MBU events. When the memory arrays are
filled with all “0” or all “1” pattern, sensitive nodes of all the
off-NMOS are adjacent vertically as well as horizontally, and
sensitive nodes of all the off-PMOS are only adjacent verti-

cally.

P-diff [P-con]

Fig. 6. Layout schematic of standard 6T memory array including six cells.
Black boxes are sensitive drains of off-NMOS and off-PMOS. Red dotted
circles represent incident position of ions.

Figure 7 presents a subset of MCUs with different orders
with various topological patterns during SEE testing. Each or-
der MCU includes 1-3 kinds of patterns, the first of which is
the major pattern and has the highest proportion. As shown
in Fig. 7, when the ions are incident normally, at most 2-bit
MCU can be caused in the horizontal direction, while 4-bit
MCU can be caused in the vertical direction. This means that
the vertical MCUs along the well are more pronounced than
those horizontal MCUs across the well. When the ion strikes
the p-well (position No. 1 in Fig. 6), the sensitive nodes of
off-biased NMOS of adjacent memory cells share the same
p-well. The radial track of the ion can simultaneously cover
two cells in the horizontal direction, causing two cells to up-
set. In the vertical direction, charge diffusion along the p-well
can be collected by multiple adjacent sensitive nodes, thus in-
ducing the highest-order MCUS with 4 rows x2 columns for
42 MeV-cm?/mg. If the ion hits the n-well (position No. 2),
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only one sensitive node of the off-biased PMOS is contained
in the same n-well in the horizontal direction, so it is rare to
cause horizontal double MCU. As a result, the MCUs with n
rows X2 columns should mainly come from charge diffusion
between adjacent NMOS transistors in the same p-well, and
a small quantity of MCU with 4 rows x 1 column should be
caused by charge sharing between PMOS transistors with the

ions incident on n-well.[2%
MCU2 MCU3 MCU4
| | [
MCU5 MCU6 MCU7 MCU8
[ 1 [ 1 [ 1 [ 1

Fig. 7. A subset of MCUs with different orders with various topological
patterns.

4.2, Influence mechanism of supply voltage on SEU and

MCU

When the MCU is focused due to charge diffusion, the
differences in SEU sensitivity among the different positions
within a memory cell need to be considered. So the sensi-
tive volume (SV) of memory cell is usually constructed as a
nested structure composed of multiple sub-SVs with different
charge collection efficiencies as shown in Fig. 8. The cen-
tral sub-SV with the highest charge collection efficiency is the
center of the drain region of off-biased NMOS or PMOS, and
the charges are collected mainly by drift process. The larger
the area of the sub-SV, the longer the distance from the drain
center is and the lower the corresponding charge collection ef-
ficiency. Charges produced by the incident ions are collected
mainly through charge diffusion in these outer regions. The to-
tal collected charge quantity of SV is the weighted sum of the
charges generated in each sub-SV.!?!! The SEU can be caused
when the collected charge quantity is greater than the critical
charge quantity.

With the reduction of voltage, the critical charge quantity
to trigger SEU also decreases. Reducing the voltage can also
lower the electric field of the depletion region between the re-
verse biased drain-substrates. When the particles are incident
on the center of drain region, the peak current will decrease
and the delay time will increase during the charge collection.
Eventually the total collected charges are almost the same at
different voltages. So the charge collection efficiency of the
central sub-SV almost keeps unchanged with the voltage vari-
ation under this circumstance.!??! But when the particles are

incident on the outside of the drain region, the peak current
due to drift is small, the lower voltage will increase the time of
charge collection, resulting in more charge recombination dur-
ing the diffusion process. So the charge collection efficiency
of the outer sub-SVs will decrease with the reduction of volt-
age.

particle

1
1
1
|
|
|
1
v
Q

4
total :Zanw
i=1

Fig. 8. Nested SV structure composed of multiple sub-SVs with different
charge collection efficiencies.[?:??]

When the 6T SRAM operates at 1.2 V, the LET threshold
of SEU is around 0.28 MeV-cm?/mg in Fig. 1. The thick-
ness of the central sub-SV for low LET value is roughly equal
to 350 nm which is the thickness of shallow trench isolation
(STI). So the critical charge quantity is about 1 fC. For the
low-energy protons, their LET value is 0.35 MeV-cm?/mg just
exceeding the LET threshold of SEU. The SEU can be caused
only when the particles are incident on the drain region. The
influence of lowering the voltage on the critical charge is only
focused on, not considering the impact on charge collection ef-
ficiency. Because the critical charge is generally proportional
to the voltage, [>¥! the critical charge is around 1.1 fC when the
SRAM operates at 1.32 V. In this case, only when the parti-
cles are incident on the center of the drain, can the generated
charges be collected quickly to cause the SEU. As the criti-
cal charge decreases to about 0.9 fC with the voltage lower-
ing to 1.08 V, even if the particles are incident on the edge of
the drain center, a certain quantity of charges can also be col-
lected to trigger the SEU. So the SEU cross section obviously
increases even up to an order of magnitude. When the LET
increases to 1.73 MeV-cm?/mg, the SEU cross section is ap-
proximately equal to the area of drain region, all the SEUs are
still SCUs. Because the LET value is much higher than LET
threshold of SEU, the generated charges are obviously more
than the SEU critical charge at different voltages. Therefore,
the influence of voltage variation on the SEU cross section be-
comes weakened.

The LET threshold of MCU is 2.8 MeV-cm?/mg in the
6T SRAM as indicated in Fig. 1. Lowering the voltage will
also reduce the LET threshold of MCU.!"4! As the LET in-
creases from 2.8 MeV-cm?/mg to the knee point of SEU cross
section curve which is around 13.1 MeV-cm?/mg in Fig. 1, the
MCU mean, MCU ratio, and MCU event cross sections all in-
crease with the voltage decreasing. But the SCU event cross
section decreases, resulting in the decrease of the total SEU
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event cross section. Eventually, the SEU cross section remains
unchanged with the voltage lowering when the LET value is
above LET threshold of MCU. With the LET increasing above
13.1 MeV-cm?/mg, the MCU ratio in Table 2 reaches to about
60%. Because the LET value is far more than LET thresh-
old of MCU, the influence of the difference in LET threshold
of MCU due to voltage variation on MCU parameters can be
weakened.

It should be noted that because the ion energy per nu-
cleon is about 6 MeV/u in Table 1 and the maximum ion track
radius is about 2 um, the charge concentration is the highest
in the center of ion track and decreases sharply with the in-
crease of track radius.[>>! When the heavy ion is incident on
the position No. 1 in Fig. 6, the spacings between sensitive
nodes in the horizontal and vertical direction are both 0.5 pm,
four adjacent sensitive nodes can be covered by the ion track.
Due to the small distance between the sensitive nodes and the
center of ion track, four sensitive nodes can quickly collect
enough charges by drift,?”) and MCU occurs. The effect of
voltage variation on the LET threshold is dominant. When

| N-diff | | P-diff |
DICEA1 DICEB1 DICEA2 DICEB2
VCC 149

n-well

the LET values are 13.1 MeV-cm?/mg and 21.8 MeV-cm?/mg,
LET threshold of MCU decreases with the reduction of volt-
age, leading the sum of MCU2-MCU4 event cross sections to
increase. Because the LET value of 42 MeV-cm?/mg is much
higher than the LET threshold of MCU at different voltages,
voltage variation has little effect on the sum of MCU2-MCU4
event cross sections. For the MCUS5-MCUS, the peripheral
sensitive nodes are far from the center of ion track and mainly
collect charges by diffusion. The sum of MCU5-MCUS event
cross sections decreases with lowering the voltage due to the
reduction of charge collection efficiency of the outer sub-SVs
for 13.1 MeV-cm?/mg and 21.8 MeV-cm?/mg, and has no ob-
vious change for 42 MeV-cm?/mg because of the high LET
value. But for the highest-order MCU event, the contribution
of charge diffusion collection is maximum. With the reduction
of voltage, the decrease in the charge collection efficiency of
the outer sub-SV has an advantage over the decrease of LET
threshold of MCU, resulting in the highest-order MCU event

cross section decreasing.

Ncon|  [Bicon]

DICEA3 DICEB3 DICEA4 DICEB4

ABNE| B

p-well

Fig. 9. Layout schematic diagram of double DICE radiation-hardened cells. Dotted circles represent incident position of ions.

Figure 9 shows the layout schematic of double DICE
radiation-hardened cells. In order to minimize the parasitic
bipolar amplification effect, N+ guard rings are used as n-well
contacts and intermittent P+ stripes are used as p-well con-
tacts in the DICE SRAM.?®! Because all “1” are the worst test
pattern for SEU than All “0” and logical checkerboard based
on the layout analysis and SEU testing results, only the nodal
spacing for different sensitive pairs with “1” stored in the
memory cells is shown in Table 3. According to the Weibull
fitting result of SEU cross section in Fig. 3, the LET thresholds
of SEU and MCU in DICE SRAM are about 21 MeV-cm?/mg
and 64 MeV-cm?/mg, respectively. When the LET value is

42 MeV~cm2/mg, all the SEUs from the SCU and the SEU
cross sections increase with the voltage lowering. Because the
LET value is much higher than 21 MeV-cmZ/mg, the influ-
ence of the voltage reduction on SEU cross section is relatively
weak.

Table 3. Nodal spacings for different sensitive pairs with “1” stored in
the memory cells.

Data Sensitive Spacing between
node pairs sensitive nodes (pm)
N1/N3 1.75
BL=1,(A,B,C,D)=(1,0,1,0) P2/P4 175
N1/P2 1.10
N3/P4 1.10
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It should be noted that the highest-order MCUS8 with
42 MeV-cm?/mg appears as 4 rows x2 columns in the 6T
SRAM, which indicates that the maximum range influenced
by the radial track of Br ions and diffusion length of charges
is about 2 um along the p-well. For the double DICE device,
the charge diffusion between NMOS sensitive pairs along the
p-well is the main cause of SEU due to high mobility of elec-
trons when the ions are incident normally. For the DICE A, the
distance between AN1 and AN3 is 1.75 um and less than the
influenced range of 2 pm. So the SCU can occur in the DICE
A when the Br ion with 42 MeV-cm?/mg is incident on posi-
tion No. 1 in Fig. 9. As the distance between BN3 of DICE
B and ANI1 of DICE A is 2.5 pm greater than the maximum
range of 2 um, Br ions cannot cause 2-bit MCU in DICE A
and DICE B with the ions incident at position No. 2. When
LET increases to 64.7 MeV-cm?/mg slightly higher than LET
threshold of MCU which is about 64 MeV-cm?/mg, a very
small amount of horizontal 2-bit MCU occurs. When the Ta
ions with 84.6 MeV-cm?/mg are incident on position No. 2, the
ratio of MCU?2 event is over 20%. It needs to be added that the
highest MCU10 events with the topological pattern of 5 rows
x2 columns occur in the 6T SRAM for 84.6 MeV~cm2/mg,
no MCUS events with 5 rows x1 columns are found. This
means that the influence range of Ta ion track and diffusion
length in the p-well can reach 2.5 um, thus causing MCU2
event in DICE SRAM. Because the LET of Ta ions is much
higher than LET threshold of SEU, the influence of the volt-
age variation on SEU cross section in DICE SRAM can be
neglected. However, the highest-order MCU?2 event cross sec-
tion which is also the total MCU event cross section slightly
increases with the voltage increasing, which is similar to the
characteristic of 6T SRAM. The increase of charge collection
efficiency due to the increase of voltage has a slight advantage
over the increase of LET threshold of MCU within a certain
voltage, which makes it relatively easier for a small quantity
of charges which diffuse farther to be collected by AN1/BN3,
causing more 2-bit MCUs. Combining the increase of MCU
event cross section with the decrease of SCU event cross sec-
tion, the total SEU cross section and SEU event cross section

are basically unchanged.

5. Conclusions

In this paper, the influences of lowering the supply volt-
age on SEU and MCU are investigated with different LET val-
ues ranging from 0.35 MeV-cm?/mg to 84.6 MeV-cm?/mg in
two kinds of 65-nm SRAMs. No matter whether the SRAM is
radiation-hardened SRAM or non-hardened SRAM, when all
the SEUs are from the SCU, the SEU cross section increases

with supply voltage decreasing. The lower the LET value, the
more prominent the influence of reducing the voltage on SEU
is. When the MCU begins to occur, the SEU cross section al-
most keeps unchanged with the voltage varying. The highest-
order MCU event cross section decreases with the reduction
of voltage due to the decrease of charge collection efficiency
of the outer sub-SV.

With the feature size of devices scaling down for nanome-
ter SRAM, the LET threshold of SEU and MCU will be both
lower. It can be predicted that the LET range of heavy ions
within which the reduction of supply voltage can affect cross
sections of SEU and MCU event will decrease further. For
the commercial off-the-shelf (COTS) non-hardened SRAMs
which are often used in modern small satellites, the depen-
dence of SEU on voltage vatiation should be considered for
heavy ions with very low LET or the other particles with very
low energy. This means that lowering the voltage may still
be an available approach to reducing the power consumption
through the optimization method of power supply in the actual
space application of nanometer COTS SRAM.
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